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Abstract 
Many important ecological questions can only be answered using long-term data sets 
because ecological and evolutionary processes may take effect over many years or 
decades.  Long-term investigations lead to development of theories relating to 
regulation of animal numbers, age-related effects at the population-level and 
individual-level, individual variation, and lifetime fitness. Furthermore, these 
processes and environmental events may only affect individuals at particular stages in 
their life time, so there is a need for individuals to be marked and followed from birth. 
Using 15 years of data collected between the breeding seasons of 1988/89 and 
2006/07 at a breeding colony of Australasian gannets (Morus serrator) at Pope’s Eye, 
within Port Phillip Bay, Australia, this study examined long-term trends and ecological 
processes at both the colony-level and individual-level.  
Few seabird studies have documented long-term metrics from colony establishment to 
maturity (equilibrium) or tested predictions of general models of colony development. 
The Pope’s Eye colony was established in 1984 and the first monitoring was conducted 
in the same year. Colony growth conformed to the 3-phase model of colony 
development; however, contrary to expectations, timing of breeding for the colony 
itself did not become earlier, nor did reproductive success (fledging of a chick) increase 
as the colony (and birds within it) aged. Age of recruitment varied between years (no 
temporal trend was evident) but not between the sexes (mean 7.3 ± SD 2.8 years). 
Seabird reproductive success has been reported to decline as the breeding season 
progresses and to increase with an individual’s age. This study found that pairs 
initiating breeding earlier in the season had a higher probability of reproductive 
success (0.60 – 0.77), but if they failed in their first attempt in that season they were 
likely to lay a replacement clutch and subsequently had 0.32 probability of 
reproductive success. Timing of breeding became progressively earlier with increasing 
age; however, age had no effect on reproductive success or the propensity to lay 
replacement clutches. Replacement laying may be a useful measure of individual 
quality because those birds laying replacement clutches are able to expend extra 
energy for additional laying and incubating, and then successfully provision their 
chicks as conditions in the season decline.  
 
 
 
 
x 
Dietary changes of a top marine predator, like the gannet, can indicate changes in 
marine ecosystems. The diet of breeding gannets, 1988 – 2006, changed after a 
pilchard (Sardinops sagax neopilchardus) mass-mortality event in 1998. Previously 
pilchards comprised 40 – 50% (frequency of occurrence) of the diet. Since 1998 
pilchards represented < 10% of the diet, being absent in some years. Furthermore, the 
gannet diet was dominated by redbait (Emmelichthys nitidus), jack mackerel (Trachurus 
declivis) and barracouta (Thyrsites atun). A sample of four years of diet data was 
examined to investigate variation in diet between high-quality and low-quality 
individuals. Each individual was grouped into the high-quality or low-quality category 
by an index of previous reproductive success. There was no difference in diet between 
high-quality and low-quality individuals, in either regurgitate mass, individual 
prey-item mass or frequency of occurrence of prey species.  
Behaviour is thought to be an important determinant in variation of fitness between 
individuals and, because foraging skills are essential for reproductive success, foraging 
behaviour may help explain individual quality. In this study high-quality individuals 
travelled shorter distances, had smaller foraging ranges, and commuted more slowly 
between the breeding colony and foraging areas than low-quality conspecifics. Distinct 
niche separation occurred between the two groups with high-quality individuals 
foraging predominantly within Port Phillip Bay and low-quality individuals foraging in 
Bass Strait. 
This study has demonstrated the importance of accounting for individual variation 
when examining parameters of reproductive success. Gannets differ in quality with 
high-quality birds, laying earlier in the breeding season, being more likely to lay 
replacement clutches, and when breeding they forage in areas nearer the colony. 
Quality, therefore, manifests itself in various ways among seabirds. Individual 
variation underpins colony-level patterns and processes, such as the relationship 
between timing of breeding and reproductive success. 
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1.1 Long-term studies of seabirds 
Many important questions regarding populations in ecology can only be answered 
using long-term data rather than cross-sectional data. For most long-lived species, 
many of the important evolutionary and ecological processes affecting populations 
occur over multiple years or decades (Clutton-Brock and Sheldon 2010). Most seabirds 
are long-lived, have delayed maturity and low reproductive rates (Schreiber and Burger 
2002), and generation times span years or even decades. Cross-sectional studies of a 
small number of years in duration may not detect episodic temporal changes, that 
might drastically influence populations, or ongoing slow changes which cause slower 
population shifts or changes. Episodic temporal changes may include collapses of prey 
populations, disease and oil spills (Dunnet 1982; Nisbet 1989). Ongoing slow changes 
may include climate change, ENSO cycles and changes in long-line fisheries (Croxall et 
al. 1990; Chambers et al. 2011). Furthermore, while many studies monitor indices of 
population parameters through time, change might be driven by sometimes subtle, 
but influential changes at the level of individuals; so for a fuller understanding of 
population change, individuals need to be marked and followed from birth. Long-term 
study of marked individuals can, among other things, provide evidence for 
age-dependent processes, and can measure the differences in reproductive parameters 
between individuals (Wooller et al. 1990; Clutton-Brock and Sheldon 2010).  
Moreover, there are many challenges facing long-term studies, with one of the major 
challenges being the establishment of reliable, on-going funding. Furthermore, many 
long-term studies are not planned as such, but after a number of years of data 
collection researchers decide to make the study long-term so that objectives change as 
the study progresses. This can result in patchy data if all variables are not measured 
every year, and measurements may not be standardised during the study. In addition, 
the theoretical framework is sometimes not available to examine temporal changes 
when monitoring begins (e.g. the emergence of climate change as an issue; Chambers 
et al. 2005). However, modern computing techniques, flexible analyses and centralised 
data repositories can now be used to overcome some of these challenges. 
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1.2 Individual variation and the concept of individual quality 
Central to several theories of population ecology and parental quality, the idea of 
individual quality was first proposed by Coulson (1968). He found that male 
kittiwakes (Rissa tridactyla) nesting in the centre of a colony had higher survival and 
higher mass, had mates which laid larger clutches, with these pairs hatching more eggs 
and fledging more chicks, compared with those nesting on the periphery. Since then, 
long-term studies of marked individuals have shown that only a small proportion of 
individuals contribute to future generations (Newton 1995). These individuals have 
been considered to be of ‘higher quality’ than other individuals in the population (i.e. 
‘low-quality’ individuals). High-quality individuals are frequently longer-lived allowing 
for a high number of reproductive opportunities over a lifetime (Coulson and Thomas 
1985a), and reproductive success bears a rather direct relationship to fitness, thus 
reproductive success is commonly used as a measure of individual quality. Based on 
this measure, a number of studies have investigated the traits and characteristics that 
may underpin individual quality (Moreno 2003; Clutton-Brock and Sheldon 2010).  
Much of the information about parental quality in birds is expressed by the time the 
eggs are laid (Nisbet et al. 1998). High-quality individuals frequently laid larger 
clutches (i.e. more eggs; Coulson and Porter 1985), larger eggs (Bolton 1991) and 
possibly higher quality eggs (Reid and Boersma 1990). They also arrived at the colony 
earlier at the start of each breeding season compared with conspecifics and laid earlier 
(Coulson and Porter 1985; Sydeman and Eddy 1995; Catry et al. 1999; Becker and 
Zhang 2011). Repeatability of laying date for individuals during multiple years has also 
been found to be a good indicator of quality by some authors (Sydeman and Eddy 
1995; Catry et al. 1999; Massaro et al. 2002). High quality individuals were more likely 
to lay replacement clutches when induced to do so (Hipfner et al. 1999). Swapping 
eggs between nests to measure attributes of parents found parental quality (measured 
by the quality of parental care) affected reproductive success independently of the 
quality of the source of the egg (Reid and Boersma 1990). 
Moreno (2003) defined individual quality as “the propensity to obtain a high 
reproductive success in a certain environment”. Thus defining individual quality 
according to realised reproductive success, over as long a term as possible, seems like a 
prudent measure. It has also been suggested that foraging behaviour may reflect 
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quality (Moreno 2003) given its pivotal role in chick provisioning and other aspects of 
reproduction (Lewis et al 2006a). Limited studies have examined foraging behaviour in 
relation to individual quality and found that high-quality parents forage more 
efficiently than low-quality conspecifics (Lescroel et al. 2010), and they perform trips 
of shorter duration and provision their chicks more frequently (Lewis et al. 2006b). 
Foraging ability and diet selection are important in contributing to reproductive 
success: for females when obtaining enough nutrients to lay eggs and for both parents, 
when efficiently provisioning for their chicks. In terrestrial birds, high-quality 
individuals frequently have a better diet and select nutritionally superior prey when 
compared with low-quality individuals (Lozano 1994; Casagrande et al. 2006; García-
Navas et al. 2012). In investigations of seabirds which had access to two foraging 
habitats and subsequently two different diets (fish or human refuse), high-quality 
individuals had a diet high in fish, whereas low quality individuals had a diet high in 
human refuse (Annett and Pierotti 1999). 
 
1.3 Thesis overview, themes and objectives 
1.3.1 Study objectives 
A 15 year data set (from a 19 year period between 1988 and 2006) was used to 
investigate long-term changes and trends at both the colony-level and the 
individual-level, of a common, increasing and long-lived seabird – the Australasian 
gannet (Morus serrator). 
The specific objectives of this research were to: 
• examine the long-term trends in a developing seabird colony, with particular 
emphasis on phenology, breeding success, recruitment, breeding density and 
demography, 
• investigate the influence of a number of variables (age, laying date and 
replacement laying) on reproductive success at the individual level, 
Chapter 1 
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• evaluate the long-term gannet diet and determine whether there has been a 
shift; and to investigate whether high-quality individuals choose different prey 
compared to their low-quality counterparts, and 
• determine whether high-quality individuals used different foraging strategies 
compared with low-quality individuals. 
1.3.2 The Australasian gannet 
The Australasian gannet is a large (~2.9 kg), monomorphic seabird belonging to the 
family Sulidae (Schreiber and Burger 2002). It is one of three species in the genus 
Morus, the other two being the northern gannet (M. bassana) and the Cape gannet (M. 
capensis). Found in temperate climates, Australasian gannets are distributed along the 
coasts of New Zealand and the south eastern coast of Australia where the number and 
size of colonies are currently increasing (Bunce et al. 2002). In Victoria, large gannet 
breeding colonies are located at Lawrence Rocks and Point Danger (along the south 
western Victorian coast), where some 7000 pairs breed and also in numerous colonies 
in Port Phillip Bay, with the largest being situated at Pope’s Eye near another smaller 
colony at Wedge Light (Bunce et al. 2002). 
Like many seabirds Australian gannets display delayed maturity, strong philopatry, 
high annual adult survivorship and hence longevity, with the oldest breeding 
individual previously recorded as being 18 years old (Gibbs et al. 2000). These 
characteristics mean that gannets are a useful species that could be used to examine 
questions relating to ecological processes at both the colony-level and individual-level. 
Australasian gannets typically commence breeding at five or six years of age (Norman 
2001) and like many other large and long-lived seabirds, gannets lay single-egg 
clutches. If the first clutch is unsuccessful, Australasian gannets may lay a second, and 
even a third clutch (Gibbs et al. 2000; Pyk et al. 2007). Egg laying is asynchronous, 
with first clutches being laid between August and December (Pyk et al. 2007). 
Incubation, which lasts approximately 45 days (Wingham 1984a), is shared by both 
parents as is chick rearing which extends for an average of 108 days (Wingham 
1984b). Unlike other birds, gannets do not have brood patches and the egg is 
incubated by cupping their feet around it. When the egg begins to hatch it is 
transferred onto the tops of the feet. Whist manipulation has shown that it possible 
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for gannets to successfully hatch and raise two chicks simultaneously (Bunce 2001), 
pairs normally only raise and fledge one chick in each breeding season.  
Gannets are active defenders of their nest site and egg or chick predation is 
uncommon (Warham 1958). There are no records of eggs or chicks being predated 
upon at the Pope’s Eye colony. Breeding failure; however, may occur at the egg or chick 
stage. Causes of failure at the egg stage include loss of eggs, eggs being broken, eggs 
being abandoned after extended incubation (presumed infertile or damaged; Gibbs et 
al. 2000, Pyk et al. 2007). At the chick rearing stage chicks may be killed during 
altercations between adult neighbours, or may die from exposure during episode of 
severe weather (Norman and Menkhorst 1995, Gibbs et al. 2000). Severe weather 
events such as storms are the main factor contributing to egg and chick loss at Pope’s 
Eye (Gibbs et al. 2000, Pyk et al. 2007). 
Gannets feed by plunge diving, and take a variety of pelagic schooling fish (and some 
squid) with the most important being barracouta (Thyrsites atun), jack mackerel 
(Trachurus declivis), and redbait (Emmelichthys nitidus) in Victorian waters (Ewing et al. 
2005; Pyk et al. 2007). There have been no long-term studies on colonies of 
Australasian gannets, and studies of foraging behaviour of breeding Australasian 
gannets are limited (Green et al. 2010). 
1.3.3  Study site  
There are seven Australasian gannet breeding colonies (containing approximately 500 
breeding pairs) in Port Phillip Bay, Victoria (Bunce et al. 2002). This study concerns 
the largest colony and the one closest to the entrance of the bay: Pope’s Eye 
(38°16’42’’S. 144°41’48’’E. Fig. 1.1.). The Pope’s Eye colony was established in 1984 
and currently c.180 pairs breed there annually (Norman and Menkhorst 1995; Gibbs 
et al. 2000; Pyk et al. 2007). The gannets breed on an artificial structure consisting of a 
rock annulus, hosting a dual-level concrete tower, a wooden platform and walkway. In 
1989, the wooden platform was expanded to double its original area (22.4 m2) and an 
adjacent walkway was constructed. Since then the structure has remained relatively 
unchanged and the gannets attempt to nest on any flat areas which can accommodate 
a nest, including the platform, walkway, tower and adjacent rocks.  
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Figure 1.1 Pope’s Eye Australasian gannet colony, Port Phillip Bay, Victoria, Australia. 
 
 1.4 Organisation of this thesis  
This thesis is presented as a series of self-contained chapters. The first data chapter 
(Chapter 2) presents long-term trends at the colony-level. In this chapter general 
principles of colony development are examined in relation to colony growth, 
reproductive success, recruitment and demography. Determinants of reproductive 
success at the individual level are investigated in the third chapter with specific 
emphasis on the relationships between timing of breeding, individual age and 
reproductive success. The value of laying replacement clutches is also examined in this 
chapter. The fourth chapter continues the theme of long-term trends by presenting 
changes in diet at the colony-level. This chapter also compares the diet of individuals 
of differing quality. The final data chapter (Chapter 5) presents an overview of the 
foraging behaviour of gannets at Pope’s Eye and further develops the concept of 
individual quality by comparing foraging behaviour of individuals of differing quality. 
The final chapter provides a synthesis and discussion of the key findings. 
Bass Strait
Port Phillip Bay
Pope’s Eye
22 km
VICTORIA
E
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CHAPTER 2 
 
Establishment and development of a seabird colony: long-term 
trends in phenology, breeding success, recruitment, breeding 
density and demography 
 
*Pyk, T. M., Weston, M. A., Bunce, A. and Norman, F. I. (2013) Establishment and 
development of a seabird colony: Long-term trends in phenology, breeding success, 
recruitment, breeding density and demography, Journal of Ornithology, 154, 299-310. 
*The content of this chapter is identical to the published version and has been presented to be 
consistent in style with the remaining thesis. 
 
 

Pope’s Eye gannet colony, Port Phillip Bay, Victoria, Australia 
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2.1 Abstract 
Few studies document long-term colony-level metrics from colony establishment to 
maturity (equilibrium) and few test predictions of general models of colony 
development. We describe long-term trends in a colony of Australasian gannets (Morus 
serrator) which has been monitored from an early stage in its development. The colony 
at Pope’s Eye, within Port Phillip Bay, Victoria, Australia was established in 1984 on an 
artificial structure and the first nest count (25 nests) was conducted in the same year. 
The colony was then studied for 15 of 19 years between 1988 and 2006/07. During the 
study, 2516 eggs were recorded, resulting in 1694 chicks hatching (67% of eggs), of 
which 1310 (77% of those hatched) fledged. At least 184 (14%) of fledged offspring 
returned to Pope’s Eye as breeding adults. Since establishment, the number and 
density of nests increased (number of nests increased 8.8% annually), with density 
increasing at varying rates in different areas of the colony. Early recruitment involved 
birds from a nearby colony, but within five years post establishment the first natal 
recruits were breeding at Pope’s Eye and thereafter natal recruitment was the main 
source of new breeding adults (totalling 81.4% of all recruits). Age of recruitment 
varied throughout the study, though not systematically, and there was no difference 
between the sexes. The pattern of rapid initial growth is typical of patterns reported 
for other seabird colonies. However, as the colony (and birds within it) aged, there was 
no increase in breeding success and egg laying did not become earlier, as was expected 
from general models of colony development.    
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2.2 Introduction 
Colonial breeding and the evolutionary mechanisms behind it remain poorly 
understood (Danchin and Wagner 1997). Among seabirds, coloniality confers many 
advantages e.g. increased breeding synchronicity and decreased depredation 
(Wittenberger and Hunt 1985; Clode 1993). Disadvantages to coloniality include 
intra-specific competition for food, nest sites and mates (Danchin and Wagner 1997). 
Nevertheless, coloniality and philopatry (individuals returning to their natal colony to 
breed) among seabirds is widespread with some colonies fledging more young than 
they are subsequently able to recruit (Moss et al. 2002). Such colonies often result in 
large numbers of club birds (prospecting, non-breeding) which may then move to 
another colony or initiate new ones (Norman et al. 1998). Other types of dispersal 
may occur when existing colonies suffer declines in breeding success (Danchin and 
Monnat 1992; Martínez-Abraín et al. 2003) or become unsuitable due to 
density-dependent factors such as limited nesting space (Forbes et al. 2000). 
The process of colony establishment and development remains largely unknown (Oro 
and Ruxton 2001); however, previous observational studies suggest several general 
principles of colony development. These are that a seabird colonisation event may be 
preceded by several years of roosting at a site (Anderson 1982; Kharitonov and Siegel-
Causey 1988; Dunlop and Goldberg 1999); following this, the growth of a new seabird 
colony typically has three distinct phases (Dunlop 2005). The first phase occurs during 
initial colony development and is characterised by immigration with growth (increase 
in the number of breeding pairs) being generally slow. The second phase is 
characterised by rapid growth as the rate of natal recruitment increases and the final 
phase typically involves the slowing or plateau of colony growth as density-dependent 
factors take effect. As a colony develops the breeders become older and more 
experienced and the timing of laying for colonies in the same geographic area 
(experiencing similar climatic conditions) occurs earlier in older colonies (Coulson and 
White 1956). In addition, as individuals in the colony become older and increase their 
breeding experience, breeding success improves (Coulson and White 1958; Sæther 
1990; Wooller et al. 1990; Forslund and Pärt 1995).  
In long-lived species there is generally a considerable degree of flexibility in the age at 
which individuals are recruited into a population, with the longer the average lifespan 
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of a species the greater the average age of recruitment (Wooller et al. 1992; Becker and 
Bradley 2007). Recruitment depends not only on the prospecting individual, but also 
on the status of the colony which is being prospected. That is, population size and 
density, and whether the colony is expanding or stable, availability of nesting space, 
age structure, sex ratio, breeding success and the availability of a mate are all 
important (Becker and Bradley 2007). Various aspects of recruitment are still poorly 
understood including timing of the transition between external recruits and natal 
recruits in a new colony (Coulson and Coulson 2008) and variation in the age of 
recruitment between sexes: with some colonies recruiting males at a younger age 
(Mills 1989), others females (Gaston et al. 1994; Ludwigs and Becker 2002), and 
others recruiting both sexes equally (Serventy and Curry 1984; Harris et al. 1994). 
Additionally, measures of average age at first breeding may be underestimated for 
many species because those breeding first when older are often less liable to detection 
(Perrins 1991). 
Long-term studies of birds are few (Dunn and Weston 2008), although seabirds are 
well represented. Many long-term seabird studies have been broad in focus, reporting 
on overall changes in size, structure and distribution of colonies and populations 
(Siorat and Rocamora 1995; Wilson et al. 2001; Terauds et al. 2006). However, a small 
number of long-term studies have marked individuals and followed them through 
their breeding lives and these studies are responsible for a disproportionate number of 
publications (Clutton-Brock and Sheldon 2010). Notable examples include short-tailed 
shearwaters (Ardenna tenuirostris Bradley et al. 1991), black-legged kittiwake (Rissa 
tridactyla; Coulson and Thomas 1985b), common terns (Sterna hirundo; Becker et al. 
2001; Szostek and Becker 2012), and northern fulmars (Fulmarus glacialis; Dunnet et 
al. 1979). In addition much of this work has been conducted on well established 
colonies; detailed studies of newly established colonies are few.  
Here we report the results of a study of a developing colony of Australasian gannets 
(Morus serrator), a species which is long-lived, has high annual adult survivorship, and 
shows strong philopatry and high breeding site fidelity (Nelson 2002). Australasian 
gannets (hereafter ‘gannets’) are pelagic foragers, lay single-egg clutches and represent 
a useful model species to examine colony development. In Australia, gannets breed 
along the south eastern coast with colonies located around Tasmania and off the coast 
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of Victoria, where approximately 7000 pairs breed at Lawrence Rocks and Point 
Danger (Norman et al. 1998). There are also a number of small colonies on artificial 
structures within Port Phillip Bay. In recent years new colonies of gannets have been 
initiated and others in eastern Australia have expanded (e.g. Bunce et al. 2002). 
Monitoring at a few sites has been relatively intensive and has provided long-term 
data which allow examination of patterns of colony dynamics. We investigate 
colony-level patterns of colony development for the gannet colony at Pope’s Eye, Port 
Phillip Bay (established in 1984; Garnett et al. 1986), to examine whether general 
principles of colony development apply. Specifically, we investigate whether: a) the 
colony conformed to the 3-phase model of colony development; b) as the colony 
matured, timing of breeding became earlier and breeding success increased; and c) age 
of recruitment varied throughout the study period and between the sexes. 
 
2.3 Methods 
2.3.1 Study site 
There are seven Australasian gannet breeding colonies (containing approximately 500 
breeding pairs) in Port Phillip Bay, Victoria (Bunce et al. 2002). We studied the largest 
colony i.e., Pope’s Eye (38°16’42’’S. 144°41’48’’E.). The Pope’s Eye colony was 
established in 1984 and currently c.190 pairs breed there annually (see Norman and 
Menkhorst 1995; Gibbs et al. 2000; Pyk et al. 2007). The gannets breed on an artificial 
structure consisting of a rock annulus, hosting a concrete dual-level structure 
(hereafter ‘tower’) to support navigational aids and a wooden platform and walkway. 
In 1989, the wooden platform was expanded to double its original area (22.4 m2) and 
an adjacent walkway was constructed. Since then the structure has remained relatively 
unchanged and the gannets attempt to nest on any flat areas which can accommodate 
a nest, including the platform, walkway, tower and adjacent rocks.  
2.3.2 Data collection 
Gannets breed annually between July (start of nest building) and early April (last 
chicks fledge). Annual breeding data at Pope’s Eye have been collected during 15 of 19 
breeding seasons between 1988/89 and 2006/07 (Table 2.1). Lack of human or 
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financial resources resulted in no data being collected for 4 of 19 years. Results here 
are discussed relative to season since establishment in years (Years Since 
Establishment, e.g. 1988/89 = 4 YSE, 2006/07 = 22 YSE). Banding of chicks began 2 
YSE, and attempts to band all chicks present were made during every breeding season 
even if the colony was not studied (apart from 3 and 11 YSE). This, in conjunction 
with long-term banding of chicks (since 1966) at nearby Wedge Light (38°16’32’’S. 
144°42’05’’E.; 0.8 km from Pope’s Eye) has resulted in a large proportion of the 
breeding population at Pope’s Eye being of known-age. During each breeding season, 
all accessible nests were monitored with nest contents being checked at least once. 
Nest locations were mapped and the identity of the birds attending them determined. 
Eggs were numbered and monitored and chicks ≥ 30 days old were banded. Laying 
dates were estimated by considering the interval between visits and the extent of egg 
staining (after Ewing et al. 2005). The hatching date was defined as the date when 
chicks were completely free from the egg and were directly observed, or estimated 
using size, weight or feather tract development (after Wingham 1984b; Pyk et al. 
2007). Chicks were considered ‘fledged’ if they were greater than 95 days old when last 
seen at the colony. Breeding success was defined as the number of chicks fledged from 
nests with eggs. Adults were considered to have been ‘recruited’ into the breeding 
population if they formed a partnership and built a nest. 
Nest density for each substrate type (platform, walkway, tower and rocks) was 
calculated as the number of nests m-2, and the distance between nests was measured 
from the centre of each nest to the centre of all immediately adjacent nests. Nest 
density was not comparable between substrates due to the characteristics of the 
substrates (i.e. differing edge-area ratios, dual-level of the tower, limitation of suitable 
nesting substrate on the rocks). Not all data were available for every breeding season. 
Timing of breeding data were only available for 11 years (4 – 7 YSE, 10 YSE, and 17 – 
22 YSE) and were calculated by recording the laying date of the first egg in each nest 
relative to the first of July. The timing of laying for the colony (first clutches only) was 
defined as the period between the date of the first and last egg laid (i.e. excluding 
replacement laying). When analysing the recruitment data we considered the 
proportion of natal (hatched at Pope’s Eye) birds from each cohort subsequently 
recruited into the breeding population in later years. We used 12 years of data (2 YSE, 
4 – 10 YSE and 12 – 15 YSE), and excluded 17 – 22 YSE to avoid any bias due to the age 
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of recruitment. That is, data from the more recent breeding seasons (from which 
offspring were subsequently recruited back into the breeding population) were 
excluded from analysis because sufficient time was not deemed (based on results of 
age of recruitment) to have passed for a true representation of individuals from those 
cohorts to have been recruited. Minimum juvenile survival was estimated as the 
minimum apparent survival to recruitment (which is influenced by recruitment 
opportunity). 
Individuals were sexed by a combination of genetic techniques, observed matings and 
inference. A total of 123 birds were sexed using genetic analysis (after Griffiths et al. 
1998), 12 individuals were sexed by observed matings and a further 132 birds had 
their sex inferred based on the sex of their current or previous mates.  
2.3.3 Statistical analysis 
Statistical analyses follow those outlined by Quinn and Keough (2002) and using the 
statistical package SPSS Version 16.0 (2008) and R v.2.11.1 (R Development Core 
Team 2010). Where data were not normally distributed they were log transformed for 
analysis or were analysed using non-parametric tests. Summary statistics present the 
mean ± one standard deviation throughout. Comparison of annual breeding success 
for the duration of the study was made using generalized linear modelling (GLM) 
assuming a binomial family distribution with breeding success versus breeding failure 
as the response variable and year of mean breeding success (15 YSE) as the reference 
category. The relationship between breeding success and age was analysed using GLM 
assuming a binomial family distribution with breeding success as the response variable 
and age as the predictor variable. Colony growth data (changes in nest numbers) were 
fitted with linear regressions using GLM assuming a gaussian family distribution. Nest 
density data and breeding success data were fitted with non-linear regressions using 
generalised additive modelling (GAM) assuming gaussian family distribution using the 
R package mgcv 1.6.2. (Wood 2006). 
  
Table 2.1 Long-term monitoring effort at the Australasian gannet breeding colony at Pope’s Eye, Victoria, Australia. YSE (Time since establishment in years). N/A 
not available 
Breeding 
season 
YSE Researchers Sampling 
effort  
Number 
of visits 
Mean days between 
trips and range 
Publications Permit # and Ethics 
Approval # 
Funding 
1984-85 0 Garnett S. limited 1 N/A Garnett et al. 1986 N/A N/A 
1985-86 1  none      
1986-87 2 Wingham, E. limited 1 N/A  N/A N/A 
1987-88 3  none  N/A  N/A N/A 
1988-89 4 Norman, F. I. and 
Menkhorst, P. 
fortnightly  ~ 14 days  N/A N/A 
1989-90 5 Norman, F. I. and 
Menkhorst, P. 
fortnightly  ~ 14 days  N/A N/A 
1990-91 6 Norman, F. I. and 
Menkhorst, P. 
fortnightly  ~ 14 days  N/A N/A 
1991-92 7 Norman, F. I. and 
Menkhorst, P. 
fortnightly  ~ 14 days Norman and 
Menkhorst 1995 
N/A N/A 
1992-93 8 Norman, F. I. moderate 5 N/A  N/A N/A 
1993-94 9 Norman, F. I. limited  2 N/A  N/A N/A 
1994-95 10 Gibbs, H. weekly  7 days, 4 – 10 Gibbs et al. 2000 N/A N/A 
1995-96 11  none      
1996-97 12 Minton, C. moderate 4   N/A N/A 
1997-98 13 Bunce, A. weekly  7 days, 3 – 21  BB-97-007 and 97073 Phillip Island Nature Reserve 
1998-99 14 Bunce, A. weekly  7 days, 3 – 21 Norman et al. 1998 BB-97-007 and 97073 University of Melbourne 
1999-00 15 Bunce, A. weekly  7 days, 3 – 21 Bunce 2001a, b 
Bunce et al. 2002 
Bunce et al. 2005 
Norman 2001 
BB-97-007 and 97073 Department of Natural Resources 
and Environment 
Holsworth Wildlife Research Fund 
2000-01 16  none      
2001-02 17 Ewing, A. weekly 34 7 days, 1 – 18 Ewing et al. 2005 10001510 and 01064  
2002-03 18 Pyk, T. weekly 28 7 ± 2.7 days, 2 – 14 Pyk et al. 2007 10001906 and 
A15/2002 
 
2003-04 19 Goyen, K. weekly 35 6 ± 4.4 days, 2 – 22 Goyen 2004 10002397 and 
A15/2002 and A30/2002 
Sea World Research and Rescue 
Foundation 
2004-05 20 Pyk, T. weekly 38 7 ± 5.2 days, 1 – 26  10002378 and A26-2005 Deakin University 
2005-06 21 Pyk, T. weekly 42 6 ± 5.1 days, 1 – 22   10002378 and A26-2005 Holsworth Wildlife Research Fund 
2006-07 22 Pyk, T. and Wishart, C. weekly 34 6 ± 4.5 days, 1 – 17 Wishart 2007 10002378 and A26-2005 Birds Australia 
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2.4 Results 
During this study, 426 individually banded gannets have been recorded breeding at 
Pope’s Eye. These (and other non-banded) birds laid an observed total of 2516 eggs, 
resulting in 1694 chicks hatched (67% of eggs); of those 1546 (91% of those hatched) 
survived to banding age (30 days) and 1310 (77% of those hatched) fledged. At least 
184 (14%) of fledged offspring have returned to Pope’s Eye as breeding adults.  
2.4.1 Colony establishment 
Gannets were seen roosting at Pope’s Eye in the late 1970s and early 1980s (Norman 
and Menkhorst 1995). In 1984, 25 nests were recorded (Garnett et al.1986) and the 
number of nests increased rapidly reaching a maximum of 191 nests in 2003 (19 YSE; 
Fig. 2.1a); estimate of slope = 46.79, s.e. = 3.73, t value = 12.542, p < 0.05). Between 1 
YSE and 22 YSE the average annual increase in nest numbers was 8.8% (10.2 ± 20.4 
nests added per breeding season, range -17 – 65, n = 15). When broken down into the 
two components of before and after the addition of further nesting space, percentage 
increase before addition was 72.2% (n = 1) and after 4.2% (6.3 ± 14.4, range -17 – 41, 
n = 14). Nesting in the earlier breeding seasons occurred predominantly on the 
wooden platform and tower (Fig. 2.1b). With the expansion of the platform and 
addition of the walkway 5 YSE, the available nesting space on the platform doubled. 
Immediately afterward the density of nests on the tower decreased, whilst that of the 
platform continued to remain high. The walkway experienced rapid colonisation and 
as density on this substrate plateaued, nests on the tower experienced a rapid increase 
in density. The rocks were colonised more slowly, with density increasing moderately 
only after the other substrates neared capacity. By the end of the study (22 YSE) all 
four substrates had plateaued, with nest density on the platform being 1.83 nests m-2 
with a mean distance between nests of 77.3 ± 15.6 cm (43 – 143, n = 237).  
  
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2.4.2 Breeding success and phenology 
Breeding success at Pope’s Eye has been consistently high with no increase in success 
as the colony developed and aged (63.3 ± 7.7%, 55 – 75%, n = 15; Fig. 2.1c). Only the 
years of highest (6 YSE; 76.3%) and lowest breeding success (14 YSE; 48.7%) were 
significantly different from the reference category (15 YSE; 65.2%; Table 2.2). There 
was no relationship between breeding success and age (estimate = 0.01246, 
s.e. = 0.01388, z value = 0.898, p = 0.369). 
 
Figure 2.1 a) Growth (number of nests) of Australasian gannet (Morus serrator) breeding 
colony at Pope’s Eye, Victoria, Australia between 1984 (Years since establishment; YSE = 0) 
and 2006 (YSE = 22). Curve fitted using a generalised linear model with gaussian family 
distribution and log(YSE);  b) density (nests m-2) of nests on the available substrates between 
1988 and 2006 (4 YSE and 22 YSE). Substrates are: Δ Platform, + Walkway, ż Tower, Ɣ Rocks 
(see text for details of curves fitted);  c) annual breeding success of the colony between 1988 
and 2006;  d) laying dates of the colony between 1988 and 2006 (4 YSE and 22 YSE). Box plots 
indicate quartiles, and outliers are indicated by open circles.  
a)
b)
c)
d)
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Table 2.2 Results of Generalized Linear Model (GLM) comparing annual (YSE, years since 
establishment) of Australasian gannet colony breeding success to the reference category 
(mean breeding success in 15 YSE). Asterisk indicates significant results. 
YSE Estimate SE z value p 
(Intercept) 0.58192 0.16537 3.519 0.000433  
4 -0.26684 0.30234 -0.883 0.377467 
5 0.02421 0.28083 0.086 0.931287 
6 0.58972 0.29477 2.001 0.045433* 
7 0.41133 0.27023 1.522 0.127978 
10 0.44189 0.25315 1.746 0.080883 
12 0.08014 0.24142 0.332 0.739938 
13 0.41133 0.24821 1.657 0.097479 
14 -0.63527 0.23245 -2.733 0.006278*  
17 -0.12058 0.2355 -0.512 0.608646 
18 -0.04154 0.23178 -0.179 0.857775 
19 -0.10303 0.22468 -0.459 0.646557 
20 -0.43641 0.22319 -1.955 0.050539 
21 -0.2565 0.23204 -1.105 0.268987 
22 -0.27575 0.23079 -1.195 0.232146 
 
The timing of laying differed between years (Kruskal Wallace, H = 316.29, d.f. = 10, 
p < 0.05), being earliest 19 YSE (mean = 11 September ± 29 days, 2 August – 14 
December, n = 175) and latest in 22 YSE (mean = 8 October ± 20 days, 19 August – 1 
December, n = 158; Fig. 2.1d), however, there was only a weak trend overall (r = 0.036, 
p < 0.05) with laying progressively becoming later from 18 YSE. Additionally there was 
a weak negative correlation between timing of breeding and age (r = -0.16, n = 993, 
p < 0.05). The duration of laying was shortest in 7 YSE (99 days, 28 August – 5 
December, n = 100) and longest in 21 YSE (161 days, 28 July – 5 December, n = 154). 
The average laying date for all years was 28 September ± 28 days (28 July – 5 January, 
n = 1490).  
2.4.3 Recruitment and demography 
Between 4 YSE and 22 YSE a total of 215 breeding adults of known-age were sighted at 
Pope’s Eye. Of these resightings, 175 (81.4%) individuals were natal recruits (fledged 
from Pope’s Eye), with the remainder being mainly from Wedge Light (34 individuals; 
15.8%) or Lawrence Rocks (6 individuals; 2.8%), c.350 km west of Pope’s Eye 
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(Fig. 2.2a). During the first year of study at Pope’s Eye (4 YSE) one adult, banded as a 
chick at Wedge Light, was recorded breeding. In the following year three additional 
adults banded as chicks at Wedge Light and two natal birds were recorded breeding at 
Pope’s Eye. On average, 16.5 ± 12.4 (0 – 39, n = 215) previously banded birds were 
recruited each breeding season, and the rate of recruitment did not vary systematically 
throughout the study (r = 0.34, n = 13, p = 0.26). The proportion of birds recruited 
each year from both Pope’s Eye and Wedge Light was similar (r = 0.58, n = 13, 
p < 0.05); whilst birds from Lawrence Rocks were only recruited in 10 YSE.  
 
Figure 2.2 a) Annual recruitment into the breeding population of Australasian gannets at 
Pope’s Eye, Victoria, Australia, 1989-2006 (5 YSE to 22 YSE). Birds recruited from Pope’s Eye 
(solid sections), Wedge Light (striped sections) and Lawrence Rocks (open section);  b) number 
of chicks banded during each breeding season and proportion of these subsequently recruited 
(solid sections) into the breeding population, 1986-2001 (2 YSE and 17 YSE). 
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Individuals were recruited into the breeding population from every cohort of chicks 
banded at Pope’s Eye (Fig. 2.2b). A very high proportion of individuals were recruited 
from early cohorts (71%, cohort 2 YSE; 61%, cohort 4 YSE) indicating an extremely 
high minimum survival to recruitment in the early years of the colony’s history. As the 
colony grew larger an increasing number of chicks were produced; the proportion of 
chicks subsequently recruited into the breeding population decreased and remained 
around 13 - 30% (r = -0.86, n = 12, p < 0.05). The average age at recruitment was 
7.3 ± 2.8 years (3-19, n = 215) varying throughout the study period (H = 43.96, 
d.f. = 11, p < 0.05); however, no consistent trend was detected (r = 0.01, p = 0.21). 
There was no difference in recruitment age between birds of known sex (t = -0.03, 
d.f. = 118, p = 0.98). The year of fledging and the age of recruitment were not 
correlated (r = -0.13, n = 176, p = 0.08). The average age of breeding birds at the 
colony, though, showed a significant increase (ANOVA: F10, 675 = 18.13, p < 0.05). In 
1994/95 the age of breeders was 6.8 ± 3.1 years (4-17, n = 41) but by 2006/07 the 
mean age had risen to 13.5 ± 4.4 years (4-28, n = 79; Fig 2.3).  
 
Figure 2.3 The average age of  breeding birds during each breeding season at Pope’s Eye, 
Victoria, Australia between 1994 and 2006 (10 YSE and 22 YSE). Box plots indicate quartiles, 
and outliers are indicated by open circles.  
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2.5 Discussion 
Most seabirds are highly philopatric and display strong breeding site tenacity, thus 
establishment of new breeding colonies usually occurs when existing colonies suffer 
sharp declines in breeding success, habitat loss (Danchin and Monnat 1992; Martínez-
Abraín et al. 2003; Cadiou et al. 2010) or become unsuitable due to density-dependent 
factors such as limited nesting space (e.g. Norman et al. 1998). Once breeding has 
begun, colony growth is often rapid until a resource limit is met (Larsson et al. 1988; 
Dunlop 2005; this study). Our study found that the Pope’s Eye colony experienced the 
second and third phases of colony development with an annual average growth rate of 
8.8% in the study period, which was higher than the growth rate for the general 
Australasian gannet population in Australia (6%; Bunce et al. 2002). Such rapid colony 
growth is to be expected given that small gannet colonies grow at faster rates than 
large ones (Moss et al. 2002). Pope’s Eye is considered a small colony as Australasian 
gannet colonies generally range between <100 to 7000 pairs. The limit to expansion 
was nesting space and colony growth slowed 7 YSE with only incremental increases 
being recorded in the following years. The pattern of expansion on the various 
substrates in the colony supports the sequential habitat occupancy theory (Brown 
1969; Newton 1998), where preferred habitats are settled sooner and, if the 
population level falls, birds abandon the least preferred habitat in favour of the most 
preferred. In the case of Pope’s Eye, when additional nesting space became available 
(by platform expansion and walkway addition) nest density on the tower dropped, 
while that on the platform and walkway increased rapidly.  
Annual variation in timing of breeding occurs in most marine systems. A recently 
published 35 year study of two multi-species seabird colonies showed some species 
laying earlier, others laying later, and others still showing increased variability in their 
timing of breeding between seasons (Wanless et al. 2009). Phenology and reproductive 
success in many seabirds are moderated by environmental conditions, such as local 
climatic conditions (e.g. SST; Cullen et al. 2009), food availability (Dänhardt and 
Becker 2011), diet quality (Annett and Pierotti 1999), or conditions during the non-
breeding season (Sorensen et al. 2009). The timing of breeding of gannets at Pope’s 
Eye varied between years with only a weak trend towards later rather than earlier 
laying. Similarly a study of northern gannets (M. bassanus) over the same time period 
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(1980 – 2007) also found breeding became progressively delayed, and that this delay 
was not related to changes in local or larger scale climate (Wanless et al. 2008). 
Although, in our study when considering only the known-age birds, timing of breeding 
became slightly earlier with increasing age. Similar results were found in a study of 
developing colonies of black-legged kittiwakes (Coulson and White 1956). Such 
apparently conflicting results indicate that variations in timing of breeding in any one 
colony may be related to a wide range of factors. Perhaps, for the gannets of Pope’s 
Eye, increasing experience with age means that the birds are better able to time their 
breeding to coincide with local prey availability.  
Since seabirds time their breeding so that chick rearing occurs when food is most 
abundant (Lack 1968), it is expected that changes in food availability during the 
breeding season may affect success. In a particularly poor year of breeding success (14 
YSE) there was a mid-breeding season die off of pilchards (Sardinops sagax 
neopilchardus), the gannets’ main prey species (Bunce and Norman 2000). Otherwise 
breeding success was consistently high and similar to that at other Australasian 
gannet (Wingham 1984b) and northern gannet colonies (Nelson 2002). However, in 
other pelagic species which also lay single-egg clutches, breeding success varied with 
some species experiencing similar levels of success to gannets (e.g. wandering 
albatross; Diomedea exulans; 55 – 75%; Croxall et al. 1990) and others experiencing 
high annual variability in breeding success such as northern fulmars (16 – 52%; 
Dunnet et al. 1979) and snow petrels (Pagodroma nivea; 21 – 80%; Chastel et al. 1993). 
We also found no pattern of increased breeding success as the colony developed or 
with increasing age of the birds. This goes against the general pattern expected for 
birds where breeding success improves with age (Forslund and Pärt 1995). For Pope’s 
Eye the consistent high breeding success may be a result of gannets’ flexible foraging 
strategies allowing them to target a variety or prey and/or a reflection of the 
abundance and quality of prey within range of the Pope’s Eye colony.  
Natal recruitment is an important contributor to the growth of a seabird colony; 
however, rapid population growth can only be sustained by immigration (Phillips et al. 
1999; Oro and Ruxton 2001; Nelson 2002). The rapid increase in colony size at Pope’s 
Eye to over 100 breeding pairs within five years of colony establishment indicates that 
early immigration played a major role, particularly given that the first natal fledglings 
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were not recruited until 5 YSE. As found in other colonial seabird studies (Oro and 
Pradel 1999; Hénaux et al. 2007) most of the immigrants to Pope’s Eye came from the 
nearest colony (Wedge Light), with a small number of recruits from Lawrence Rocks 
(c.350 km west of Pope’s Eye) and no recruits from colonies in Tasmania or New 
Zealand. However, in the years following natal birds quickly became the main recruits 
to the Pope’s Eye colony (81.4% of total recruits) and immigration subsequently 
played only a modest role. In comparison a 16 year study of a black-legged kittiwake 
colony that began with 2 breeding pairs and grew to 138 pairs found that only 4.2% of 
total recruits were philopatric (Coulson and Coulson 2008). The lack of immigrant 
recruits to pope’s Eye may be partially due to the small size of the nearest colony (c. 50 
nests) and hence the relatively few potential recruits it produces (Norman and 
Menkhorst 1995). In addition, the minimum apparent survival to recruitment (which 
is influenced by recruitment opportunity) of chicks fledged in the first few years of the 
colony’s history was extremely high (61 – 71%) and may have limited colony access to 
immigrants. This is much higher than survival rates found for other Australasian 
gannet colonies (only 30%; Nelson 2002), for northern gannet colonies (30 – 40%; 
Nelson 2002) and seabird species generally (20 – 40%; Schreiber and Burger 2002). 
Although we cannot be sure that such high juvenile survival is not the norm for Pope’s 
Eye gannets as lack of nest space later in the colony’s development limited 
recruitment. 
Delayed breeding is a widespread characteristic among long-lived seabird species, 
allowing for accumulation of skills required for survival and breeding (Lack 1968). 
Becker and Bradley (2007) suggested that for each individual there is an optimum age 
of recruitment based on that individual’s experience and quality. Our study supports 
this theory as we found variation in age of recruitment, but no tendency for younger 
birds to be recruited earlier in the colony’s development when, presumably, 
recruitment would have been easier given more nesting space was available. We also 
found a higher mean age of recruitment than has been previously recorded for 
Australasian gannets (age 5 years, Wodzicki 1967). Given that gannets reach maturity 
at age 3 years and are physiologically able to breed from this age (Nelson 2002), such a 
delay, and such high variation in individual recruitment ages (range 3 – 19 years; this 
study) supports the theory that there is an optimum age of recruitment for each 
individual. Additionally, we found no relationship between year fledged and age of 
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recruitment. Thus it appears that environmental conditions during chick rearing were 
not a factor affecting future recruitment. Parental quality in the form of care during 
the nestling period and any hereditary fitness characteristics (Cam et al. 2003; Feare 
2002), as well as conditions during the post-fledging period, may all influence future 
recruitment.  
Like any longitudinal study, this study could not infer causation for those parameters 
for which we report trends through time; indeed many variables were correlated. 
Additionally, it is impossible to differentiate between temporal changes driven by 
colony-level development versus long-term processes which covaried with the colony’s 
development (e.g. climate change, Chambers et al. 2005). The few studies of 
developing colonies available for comparison show marked variation in colony 
dynamics with some colonies increasing rapidly and flourishing (Dunnet et al. 1979; 
Harris and Wanless 1991; Oro and Ruxton 2001; Dunlop 2005), while others founder 
(Anderson 1982; Storey and Lien 1985) and are abandoned (Brothers 1981). It is 
difficult to ascertain why some colonies flourish while others do not and undoubtedly 
there is complex interplay involving a suite of factors. Small colonies are most 
susceptible to environmental fluctuations (Péron et al. 2010), and thus developing 
colonies may be vulnerable to abandonment in their early years. Limited theoretical 
work regarding colony development exists (Kharitonov and Siegel-Causey 1988), with 
Dunlop (2005) being the first to describe a model for colony development. We found 
the Pope’s Eye colony conformed to the second and third phases of the 3-phase model 
(with uncertainty around the first phase due to lack of available data). Additionally 
breeding success at Pope’s Eye remained high with no relationship between age and 
breeding success. Pope’s Eye exhibited consistently high natal recruitment and high 
juvenile survival in the early years of colony development. However, we cannot be 
confident that this is the norm for Pope’s Eye and survival of both juveniles and adults 
from this colony warrants further investigation, as do the processes that mediate 
recruitment in developing colonies. Additionally, further research is needed to 
determine whether the 3-phase model is broadly applicable to developing colonies. 
Finally, in order to elucidate the reasons for the lack of relationship between age and 
breeding success, an investigation into the reproductive ecology of the species at the 
individual level is required. 
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CHAPTER 3 
 
Timing of breeding, not age, determines reproductive success in a 
long-lived colonial seabird 






 
A pair of Australasian gannets tending to their nest  
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3.1 Abstract 
For seabirds, reproductive success (fledging a chick) has been reported to increase with 
individuals’ age, and commonly declines as the breeding season progresses and food 
becomes less available. Using 15 years of data the influence of age, timing of breeding 
and propensity to lay replacement clutches on reproductive success was investigated 
in a long-lived seabird, the Australasian gannet (Morus serrator). Timing of breeding 
had a strong influence on reproductive success, with early laying being associated with 
higher reproductive success. Moreover, unsuccessful early-laying pairs laid 
replacement clutches more frequently. Age had no effect on reproductive success nor 
the frequency of replacement laying; however, timing of breeding became earlier with 
increasing age. Pairs that failed their first breeding attempt at the egg stage were more 
likely to re-lay than those that failed at the chick stage. Timing is critical for successful 
breeding and in this species the temporal window for highest success is narrow (c. 40 
days of a 100 – 130 day laying period). Replacement laying is also important, resulting 
in fledging in one of every three replacement clutches. Replacement laying may be a 
useful measure of individual quality because individuals are able to expend extra 
energy for additional laying and incubating, and then successfully provision their 
chicks as seasonal conditions decline. The results highlight the importance of using 
long-term data and accounting for individual variation when addressing life history 
questions in a long-lived species. 
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3.2 Introduction 
Life history theory predicts that there is a trade-off between current and future 
reproductive effort (Stearns 1992; Dobson and Jouventin 2010). For species with long 
life expectancies, an individual’s lifetime fitness may be maximised by expending a 
relatively low reproductive effort in any given season to maintain high survivorship 
for future reproduction (Goodman 1974). In order to maximise reproductive success 
in a given season, breeding must be timed to coincide with peaks in resources. 
Furthermore, in an optimal life history strategy an individual’s effort during each 
breeding season depends on efforts made in other seasons, thus age-specific efforts 
have co-evolved (Schaffer 1974). 
In seabirds, timing of breeding is an important determinant of reproductive success in 
variable environments because it allows chick rearing to be synchronised with peak 
food availability (Lack 1968; Perrins 1970). Breeders that feed their chicks when food 
is more abundant produce more offspring and in seasonally-breeding species 
reproductive success declines as the breeding season progresses and food becomes less 
available (Price et al. 1988; Sydeman et al. 1991; Arnold et al. 2004; Reed et al. 2009). 
The advantages of breeding earlier in the season include greater access to nesting 
resources (e.g. better nest sites) and, for some species, allowing time to lay 
replacement clutches (re-lay) if a breeding attempt fails (Wendeln et al. 2000; Nelson 
2002). Nevertheless pairs that lay later in the breeding season often have chicks that 
experience a slower growth rate (Hedgren and Linnman 1979), fledge fewer chicks, 
and at a lower mass (Arnold et al. 2004); late fledging chicks often experience lower 
survival (Spear and Nur 1994; Catry 1998; Arnold et al. 2004) and subsequently as 
adults have a lower reproductive success (Catry 1998). Equally reproductive 
performance in birds, including seabirds, can vary according to a breeder’s age. There 
is a general pattern of increasing reproductive success with increasing age in the first 
few years of breeding, a plateau at ‘middle’ age, followed by a decline in reproductive 
success during ‘old’ age (Clutton-Brock 1988; Newton 1989; Sæther 1990). 
Several prominent hypotheses seek to explain variation in reproductive performance 
including the ‘constraint hypothesis’, the ‘restraint hypothesis’ and the ‘selection 
hypothesis’. The constraint hypothesis posits that individuals initially display a lack of 
skills required for successful breeding, such skills being accumulated and improved 
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through experience (Curio 1983; Sæther 1990); thus individual laying dates become 
earlier as age and breeding experience increase. The restraint hypothesis suggests the 
required skills are present but withheld, so as a bird gets older it will favour current 
reproduction over future survival (Curio 1983; Stearns 1992). In contrast the selection 
hypothesis suggests a higher proportion of poor quality breeders are present among 
first-time breeders, which subsequently have a lower survival rate and progressively 
disappear from the breeding population (Sæther 1990; Forslund and Pärt 1995, Mauck 
et al. 2004). These hypotheses are not mutually exclusive and more than one 
mechanism may operate at a given time or during different stages of an individual’s 
lifespan. Recent publications involving the analysis of long-term data sets of known 
age individuals have challenged many of the theories of age-related variation in 
reproductive success, providing support for the selection hypothesis arguing that 
higher quality individuals remain good breeders throughout their lives, while poorer 
quality individuals drop out of the population at an early age (McCleery et al. 2008). 
Laying replacement clutches allows pairs an additional opportunity to attain 
reproductive success in a given breeding season and contribute to their lifetime 
reproductive success. However, the chance of success from a replacement clutch must 
be traded off against the costs and hence the risk of lower condition and survival to 
the next breeding season. Chicks from replacement clutches are often being raised 
later in the season, potentially in poorer conditions with lower available resources, and 
as such may be more energetically demanding for parents than initial clutches. 
Whether or not a bird lays a replacement clutch can depend on a number of factors: 
timing of laying, with pairs that lay replacement clutches often having laid their first 
clutch early in the season (Bost and Clobert 1992; Wendeln et al. 2000); age and 
experience, with older, more experienced individuals more likely to lay replacement 
clutches (Wooller 1980; Wendeln et al. 2000); and individual quality, with higher 
quality birds more likely to lay replacement clutches (Hipfner et al. 1999; Rooneem 
and Robertson 1997). Replacement clutches are often smaller than first clutches 
(Gasparini et al. 2006), and eggs may be smaller, lighter or of substandard composition 
(Hipfner et al. 1999; 2003; 2004). Replacement laying may represent a crucial strategy 
which limits the risk of seasonal reproductive failure, particularly if there is no 
difference in the quality of offspring from replacement clutches compared with first 
clutches (as for eagle owls Bubo bubo; Bettega et al. 2011). 
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Although the relationships between age, timing of breeding and reproductive success 
have been widely studied, other factors also affect reproductive success among 
seabirds. These factors include: pair bond duration, with reproductive success 
improving with duration of pair bond, particularly within the first few years of a new 
bond (Ollason and Dunnet 1978; Sydeman et al. 1996; Wooller and Bradley 1996; 
Naves et al. 2007); change of nest site, usually involving an upgrade in quality on the 
previous site with improved success (Ollason and Dunnet 1978; Pyle et al. 2001; Naves 
et al. 2007; Nisbet and Dann 2009); mate change, where a change of mates leads to 
improved reproductive success particularly if it was poor with the previous 
partnership (Sydeman et al. 1996; Wooller and Bradley 1996; Pyle et al. 2001; Nisbet 
and Dann 2009). Thus, attempts to investigate factors that influence reproductive 
success require consideration of a wide range of variables.  
It is clear that long-term studies of individuals are fundamental to understanding the 
extent and causes of variation in reproductive success (Clutton-Brock and Sheldon 
2010). Here, the relationships between competing influences on reproductive success 
at the individual level were analysed using 15 years of data from a long-term study of a 
small, relatively recently established and growing colony of Australasian gannets 
(Morus serrator). The influence of a number of variables (age, laying date, and 
replacement laying) on reproductive success were investigated. Four key questions 
were asked: i) does reproductive success improve with increasing age, ii) how does the 
timing of laying affect reproductive success, iii) what improvement in reproductive 
success can be gained by replacement laying, and iv) does age influence the timing of 
laying and propensity to lay replacement clutches? 
 
3.3 Methods 
3.3.1 Study site and data collection 
Data were collected at Pope’s Eye, Port Phillip Bay, Victoria, Australia (38°16’42’’S. 
144°41’48’’E.) where Australasian gannets (hereafter ‘gannets’) breed on an artificial 
structure consisting of a rock annulus, concrete ‘tower’ and wood platform. Breeding 
of gannets at Pope’s Eye was first recorded in 1984, after which the number of nests 
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increased rapidly reaching a maximum of around 190 breeding pairs in 2003. Annual 
breeding data at Pope’s Eye have been collected during 15 of 19 breeding seasons 
between 1988 and 2006, where 1988, for instance, refers to the 1988/89 breeding 
season. For further information on the study site and details of data collection see 
Chapter 2 and Appendix I.  
For this study, data obtained from all banded individuals in the colony were analysed, 
the sample consisting of 130 males (53 were banded as chicks and 77 banded as 
adults), and 137 females (68 were banded as chicks and 69 as adults), and 145 birds of 
unknown sex (95 were banded as chicks and 50 as adults). In each breeding event the 
following were recorded: the breeding season, the identity of each individual in the 
pair (bird ID), sex, age, breeding experience (years of breeding), pair bond duration, 
mate change, and nest change. For definitions see Table 3.1. Also recorded were laying 
date, success or failure of first breeding attempt, stage of first breeding attempt 
failure, whether a replacement clutch was laid, and reproductive success (Table 3.1). 
Gannets do not switch colonies once they have begun breeding (Nelson 2002), so if an 
individual was not seen in a particular season but was then seen in subsequent season 
it was considered to have ‘skipped breeding’ in that particular season. Age and 
breeding experience were highly correlated (rspearman = 0.89, n = 453, p < 0.001), so only 
age was included in analyses.  
3.3.2 Statistical analysis 
Generalized additive mixed models (GAMMs; Wood 2006; Zuur et al. 2009) were used 
to model the effects of variables on reproductive success. Two key factors contributed 
to adoption of this approach. First, generalized additive models (GAMs) were 
considered appropriate because examination of the raw data indicated some 
non-linear relationships. Second, a mixed model framework was used to account for 
repeated measures of individual birds in the different seasons. GAMMs with 
continuous variables fitted as smoothed terms were developed, and the random effects 
of all individual birds were identified additively, such that for each breeding attempt 
the models took into account individual variation for both the male and female bird. 
For the response variables ‘reproductive success’ and ‘re-lay’ a binomial model was 
used and for ‘laying date’ a gaussian model was used. Regression modelling was 
undertaken using the gamm4 package (Wood 2010) in R v.2.11.1 (R Development 
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Core Team 2010). For models employing ‘re-lay’ as the response variable or 
considering reproductive success of pairs whose first breeding attempt failed, only 
breeding events where the first attempt failed were used. T-tests, chi square tests, and 
Spearman rank correlations were conducted using R v.2.11.1 (R Development Core 
Team 2010). Results were considered significant where p ≤ 0.05. Summary statistics 
present the mean ± one standard deviation and range throughout.  
 
Table 3.1 Definitions of variables used in analyses. 
Variable Definition 
Predictor 
variable type 
Age Age (years) Continuous 
Pair bond 
duration 
The number of years the focal bird had bred with a 
particular mate, excluding years in which it skipped 
breeding or took another mate 
Categorical 
Nest change The occurrence of a change of nest site. 1 occurred; 0 
did not occur 
Categorical 
Mate change The occurrence of a change of breeding partner. 1 
occurred; 0 did not occur 
Categorical 
Laying date The date of laying (first clutch) for an individual 
relative to the date the first egg in the colony was laid 
in a particular season. This was used rather than 
calendar date to account for inter-annual variation in 
timing of laying (Chapter 2) 
Continuous 
First 
breeding 
attempt 
failure 
The occurrence of first breeding attempt failure. 1 for 
pairs that failed to reach the stage of fledging their 
first chick; 0 otherwise  
Categorical 
Stage of 
failure 
The stage at which the first breeding attempt failure 
occurred; egg stage or chick stage 
Categorical 
Re-lay The occurrence of a replacement clutch. 1 if a 
replacement clutch (second or third clutch) was laid; 0 
otherwise 
Categorical 
Reproductive 
success 
The occurrence of a chick fledging. 1 if a chick fledged; 
0 otherwise 
N/A 
N/A - not applicable 
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3.4 Results 
In this study 894 breeding events were recorded, 334 of which involved both birds in 
the pair being recorded, and 560 where the mate was not banded and therefore 
unknown. A total of 206 pairs were studied. The mean number of seasons of data for 
an individual was 2.9 seasons (± 2.1, 1 – 10, n = 412). Mean pair bond duration was 
1.7 years (± 1.3, 1 – 8, n = 206). Mate fidelity was high (mean = 1.0 ± 0.7 mates, 1 – 4, 
n = 317); 79.8% of individuals were recorded only with one mate. The mean within-
pair age difference was 2.5 years (± 2.9, 0 – 13, n = 69). Among known sex pairs, males 
were more often older (51.0%; 25 of 49) than females (Ȥ2 = 8.86, d.f. = 2, p < 0.05), 
females were older in 32.7% (16 of 49) of pairings and both individuals were the same 
age in 16.3% (8 of 49) of pairs. 
3.4.1 Variation in laying date 
There was a significant relationship between laying date and age (Table 3.2; Fig. 3.1d 
and e). Laying date became progressively earlier with increasing age for both sexes, 
some 30 days earlier by 13 years of age in females. Laying date then became later from 
age 14 in females and age 12 in males. Pair bond duration, nest and mate change 
showed no relationship with laying date. 
 
Table 3.2 Results of generalized additive mixed models (GAMMs) of the relationship between 
laying date and continuous and categorical predictor variables, depicting the estimated 
regression coefficients (Estimate), degrees of freedom (d.f.), test statistic (F value for 
continuous predictor variables and t value for categorical predictor variables), p value, sample 
size (n). Asterisks indicate statistically significant results. 
Continuous predictor variables Estimate d.f. test statistic p n 
Male age 3.205 3.205 2.934 0.033* 121 
Female age 2.591 2.591 3.118 0.035* 145 
Categorical predictor variables 
     
Pair bond duration 1.794 1.188 1.510 0.132 299 
Male nest change 3.889 5.126 0.759 0.449 245 
Female nest change -0.488 4.178 -0.117 0.907 248 
Mate change 2.260 3.621 0.624 0.533 299 
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Figure 3.1 The relationship between the response variables (y axes) and the predictor 
variables (x axes; ± 95% CI) for Australasian gannets breeding at Pope’s Eye. a) probability of 
reproductive success and laying date for the years 1994, 2001–2006; b) probability of laying a 
replacement clutch and laying date for the years 1994, 2001–2006; c) probability of 
reproductive success (for pairs that lost their first clutch) and laying date of first clutch for the 
years 1994, 2001–2006; d) laying date and male age for the years 1994, 2001–2006; e) laying 
date and female age for the years 1994, 2001–2006; f) reproductive success probability (for 
pairs that lost their first clutch) and male age for the years 1988–2006. 
 
3.4.2 Variation in reproductive success 
A strong relationship between laying date and reproductive success was detected 
(Table 3.3). Pairs that laid ~35 days after egg laying was initiated in the colony had the 
highest probability of successfully fledging a chick (probability = 0.77). As the breeding 
season progressed, there was a steady decline in the probability of reproductive 
success to < 0.45 by 80 days (after egg laying was initiated in the colony) and to < 0.11 
by 120 days (Fig 3.1a). Laying very early (within the first 10 days after egg laying was 
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initiated in the colony) was associated with slightly lower probability (0.52 – 0.61) 
than the best possible probability (0.77) of successfully fledging a chick. The model 
failed to detect a relationship between reproductive success and age. The raw, data 
however, showed improvement in reproductive success between the age categories of 
3 and 10 but pseudo-replication could not be accounted for. Pair bond duration, nest 
and mate change were not related to reproductive success. 
 
Table 3.3 Results of generalized additive mixed models (GAMMs) of the relationship between 
reproductive success and continuous and categorical predictor variables, depicting the 
estimated regression coefficients (Coefficient, Estimate), degrees of freedom (d.f.), standard 
error (Std. Error), test statistic (chi square, z value), p value and sample size (n). Asterisks 
indicate statistically significant results. 
Continuous predictor variables Coefficient d.f. chi sq. p n 
Male age 1.000 1.000 0.027 0.870 140 
Female age 1.000 1.000 0.800 0.371 167 
Laying date 3.100 3.100 29.230 <0.001* 299 
Categorical predictor variables Estimate 
Std. 
Error 
z value p n 
Pair bond duration 0.455 0.341 1.336 0.182 184 
Male nest change 0.310 0.605 0.513 0.608 160 
Female nest change -0.564 0.467 -1.207 0.227 139 
Mate change -0.426 0.497 -0.857 0.391 142 
 
3.4.3 Variation in propensity to lay replacement clutches and reproductive 
success from replacement clutches 
For pairs whose first clutch failed, age had no relationship with propensity to lay 
replacement clutches (Table 3.4). There was, however, a negative relationship between 
laying date and likelihood of replacement clutches (Fig. 3.1b). Most pairs that laid 
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early initiated a replacement clutch if they lost their first clutch (probability; 0.86); 
however, by 48 days after laying began in the colony the likelihood of laying 
replacement clutches decreased (probability = 0.50). Pairs initiating replacement 
clutches had a much higher probability of being successful (fledging a chick) if they laid 
their first clutch earlier (Table 3.5; Fig. 3.1c). However, pairs that were successful in 
their first breeding attempt were more likely to be successful than those that needed 
to lay replacement clutches (Ȥ2 = 267.63, d.f. = 1, p < 0.05); 51% (458 of 894) of 
breeding attempts were successful with the first breeding attempt compared to 14% 
(60 of 414) success where the first attempt failed.  
Of pairs whose first breeding attempt failed, 46% (190 of 414) laid a replacement 
clutch and 32% (60 of 190) of these were successful. Pairs were more likely to initiate 
replacement clutches if they failed at the egg stage rather than the chick stage (Table 
3.4). Fifty-three percent (160 of 302) of pairs whose first breeding attempt failed at 
the egg stage laid a replacement clutch compared with only 27% (30 of 112) of pairs 
whose first breeding attempt failed at the chick stage. Stage of failure had no 
significant relationship with reproductive success; however, a non-significant positive 
trend between reproductive success and failure at the egg stage was detected, which 
may become significant with a larger sample size (Table 3.5). A significant negative 
relationship between male age and reproductive success for pairs that laid replacement 
clutches was also found (Fig. 3.1f). However, the magnitude of this effect was small, 
with the probability of reproductive success decreasing from 0.20 at age 4 to 0.00 by 
age 15. There was no relationship between female age and reproductive success for 
pairs associated with replacement clutches. 
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Table 3.4 Results of generalized additive mixed models (GAMMs) of the relationship between 
propensity to lay replacement clutches and continuous and categorical predictor variables. The 
estimated regression coefficients (Coefficient, Estimate), degrees of freedom (d.f.), standard 
error (Std. Error), test statistic (chi square, z value), p value and sample size (n) are provided. 
Asterisks indicate statistically significant results. 
Continuous predictor variables Coefficient d.f. chi sq. p n 
Male age 2.104 2.104 3.736 0.167 63 
Female age 2.818 2.818 5.025 0.152 79 
Laying date 1.000 1.000 26.820 <0.001* 135 
Categorical predictor variables Estimate 
Std. 
Error 
z value p n 
Stage of failure 1.649 0.447 3.687 <0.001* 147 
 
 
Table 3.5 Results of generalized additive mixed models (GAMMs) of the relationship between 
reproductive success and continuous and categorical predictor variables of pairs that initiated 
a replacement clutch following failure of first breeding attempt, depicting the estimated 
regression coefficients (Coefficient, Estimate), degrees of freedom (d.f.), standard error (Std. 
Error), test statistic (chi square, z value), p value and sample size (n). Asterisks indicate 
statistically significant results. 
Continuous predictor variables Coefficient d.f. chi sq. p n 
Male age 1.003 1.003 5.707 0.017* 63 
Female age 1.000 1.000 0.522 0.470 79 
Laying date 1.000 1.000 9.829 <0.010* 135 
Categorical predictor variables Estimate 
Std. 
Error 
z value p n 
Stage of failure 0.883 0.602 1.468 0.142 147 
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3.5 Discussion 
Timing of egg-laying is widely held to be an important factor in successful 
reproduction (Lack 1968; Perrins 1970). In this study of a small developing colony, 
timing of laying was critical to reproductive success with early laying associated with 
higher success. Early breeding pairs that failed in their first breeding attempt also laid 
replacement clutches more frequently and had a much higher probability of being 
successful with their replacement clutch than pairs associated with first clutches laid 
later in the season. Early laying in other species has been associated with food 
availability, with chick rearing apparently timed to coincide with peak food supply 
(Lack 1968). However, females cannot begin laying until they have accumulated 
energy reserves to produce eggs, so the timing of breeding may be related to food 
supply at the time of laying or indeed earlier (Perrins 1970; Shultz et al. 2009; 
Sorensen et al. 2009). Both of these possibilities may explain why in this study there 
was a steady increase in the probability of successful reproduction until 35 days into 
the breeding season. Pairs that laid very early in the season may have compromised 
their ability to raise their chicks by being in sub-optimal condition at the beginning of 
the breeding season and they may be raising their chicks before peak food availability. 
Alternatively, pairs raising their chicks after peak food supply may also face difficulties 
provisioning their chicks (Hipfner 2008), and their chicks may experience lower food 
availability after fledging.  
Individual age did not have as much influence on reproductive success as might have 
been expected from results of other studies. The model failed to detect a relationship 
between age and reproductive success although the raw data showed improvement in 
reproductive success between the age categories of 3 and 10. There are three possible 
explanations as to why this inconsistency might have occurred. First, the raw data 
ignored individual identity (since they contained pseudo-replication), whereas the 
model took individual variation into account. Second, the statistical model may not 
have been sensitive enough to detect an effect of age with such small sample sizes and 
repeated measures in the youngest age categories (sample sizes: age 3 = 1, age 4 = 4, 
age 5 = 10). That said, the mean age of first breeding at this colony is seven years 
(Chapter 2), therefore if age-related improvements in reproductive success existed 
they should be apparent because there are more than adequate data in the other age 
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categories (sample sizes for each age category between ages 6 and 10 ranged between 
14 and 29). In addition, during the course of the study the mean age of birds in the 
colony increased from 6.8 years to 13.5 years and, if age-related improvements in 
reproductive success were occurring, these should be reflected by an increase in the 
colony’s reproductive success over the years, which was not the case (Chapter 2). 
Finally, changes in the frequency of superior or inferior phenotypes at successive ages 
may generate relationships (Clutton-Brock 1988). Initial improvement in reproductive 
success in younger age categories may be caused by progressive elimination of inferior 
phenotypes thus supporting the selection hypothesis. There were no data in this study 
to support the constraint or restraint hypotheses. 
As laying date became earlier the probability of reproductive success increased, laying 
date also became earlier with increasing age; however, age had no effect on 
reproductive success.  This is a somewhat paradoxical result. The annual reproductive 
success at the colony level was consistently high (mean = 65.2%; Chapter 2). Those 
individuals with the highest reproductive success (between 0.60 – 0.77) laid their first 
clutch between 10 and 70 days from the start of laying in the colony. Almost all the 
known-age birds (Figs. 1d, e) also laid their first clutch between 10 and 70 days, 
therefore, although there was a shift to earlier laying with increasing age, the size of 
the statistical effect may be small. Thus most birds that survive to breeding age may 
start breeding with a high probability of reproductive success, particularly, since the 
age of first breeding varies widely (3 – 19 years; Chapter 2) it appears that each 
individual may enter the breeding population at its own ‘optimal’ age. Mills (1989), 
studying red-billed gulls (Larus novaehollandiae scopulinus), which have a similarly 
extended laying period (September – December) to that of gannets, found that the 
laying date in an individual’s first breeding season was an indicator of future lifetime 
reproductive success. Mills also discovered that laying became progressively earlier 
with increasing age; however, within this trend females remained early or late 
breeders. This may explain why in this study age-related variation in laying date was 
found, but no age-related variation in reproductive success. 
The results of this long-term study reveal that re-laying is of major importance to 
reproductive success at an individual level. Re-laying led to reproductive success 32% 
of the time (approximately half that of first clutches) so for one in every three seasons 
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that a pair suffered a first clutch loss and subsequently laid a replacement clutch, a 
chick would successfully fledge. The success rate of replacement clutches in gannets is 
low compared with other seabirds that lay a single-egg clutch where reproductive 
success from replacement clutches is similar to that of first clutches (e.g. thick-billed 
murres Uria lomvia, Hipfner et al. 1999). However, over a lengthy breeding lifespan 
even low success of replacement clutches can significantly increase an individual’s 
lifetime reproductive success, particularly if re-laying does not affect future 
reproduction. Re-laying in other species had no negative effect on future reproduction 
and re-laying individuals had a higher lifetime reproductive success than those that 
did not re-lay (e.g. common terns Sterna hirundo; Becker and Zhang 2011). In addition, 
chicks fledged from replacement eggs had a similar survival rate to those fledged from 
first eggs in thick-billed murres (Hipfner 2001). In eagle owls, chicks from first and 
replacement eggs were reported be of similar quality (Bettega et al. 2011). Unlike other 
studies, which have reported older pairs as being more likely to be associated with 
replacement clutches (e.g. DeForest and Gaston 1996; Arnold et al. 2010), this study 
found that the probability of re-laying was not affected by age. Thus, this suggests that 
the ability to re-lay appears to be an inherent rather than an acquired characteristic, 
and is perhaps limited to individuals of a higher quality.  
Although not specifically tested for in this study, these results show support for the 
concept of individual quality. Birds that demonstrated improved reproductive success 
laid early, but also did well if they needed to re-lay later in the season when food may 
be less abundant. This suggests that these early laying individuals may be of higher 
quality because they are able to expend extra energy for replacement laying and 
incubating, then possibly spending more energy feeding their chicks later in the 
season. In an experimental study of Cassin’s auklets (Ptychoramphus aleuticus; Hipfner 
et al. 2010) early laying females, who were induced to lay replacement clutches later in 
the season, had higher reproductive success than those who laid their first clutch late 
in the season. Thus quality was a major factor determining reproductive success. The 
lack of a significant age-effect on reproductive success in this study suggests that the 
selection hypothesis may be operating in this population and that lower quality 
phenotypes may be progressively removed from the population with increasing age.  
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Timing of breeding is an important factor in reproductive success, whereas age-related 
effects may not be as influential or widespread as previously thought. The results 
highlight the importance of using long-term data and accounting for individual 
variation when addressing life history questions in long-lived species. Failure to do so 
may result in erroneous results. A goal for future research is to establish the 
importance of behavioural, physiological and genetic factors on individual quality, and 
to consider factors related to reproductive success in relation to lifetime reproduction.  
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CHAPTER 4 
 
Long-term dietary shifts in Australasian gannets and the diet of 
individuals of differing quality 
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4.1 Abstract 
Long-term data are particularly important for assessing large-scale temporal and 
spatial changes. Food availability is one of the most important factors influencing the 
reproductive success of seabirds. Changes in the species occurrence involved in the 
diet of Australasian gannets (Morus serrator) between 1988 and 2006 were 
investigated. Dietary parameters of high-quality and low-quality individuals in the 
years 2002, 2004 – 2006 were also examined.  In this period the gannet diet shifted 
from being dominated by pilchards (Sardinops sagax neopilchardus) which occurred at a 
rate of 40 – 50% frequency of occurrence (FOO) in gannet regurgitates pre-1997, to 
one in which pilchards were absent or infrequent (<10 % FOO) in the diet in 1999 to 
2006. Whilst pilchard frequency in the gannet diet began to slowly increase from 
2003, it remained below 10% FOO. The shift was caused by two mass-mortality events 
in local pilchards in 1995 and 1998. After 1998 gannets fed primarily on barracouta 
(Thyrsites atun), jack mackerel (Trachurus declivis) and redbait (Emmelichthys nitidus) 
indicating a possible shift in the local marine ecosystem. It was expected that high-
quality individuals (where quality was inferred from an index of previous reproductive 
success) would select more nutritious prey than their low-quality counterparts. 
However, there was no difference between the groups in any of the dietary parameters 
examined including diet sample mass, number of prey items per sample, mass of 
individual prey items or prey selection. Given that gannets are flexible foragers, 
dietary differences between high-quality and low-quality individuals may only be 
apparent during years of low food availability. Furthermore, individual quality may be 
expressed in foraging behaviour rather than directly through diet, a factor that 
warrants investigation.  

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4.2 Introduction 
Food availability is one of the most important factors influencing the reproductive 
success of seabirds (Ashmole 1963). During the breeding season, time and distance to 
food must be traded off against the quality of parental care thus prey availability, prey 
selection and foraging efficiency play a vital role in reproductive success (Burke and 
Montevecchi 2009). Studies of the effects of changing prey availability on survival and 
breeding success have shown that the effects depend on: whether the predator species 
is a generalist or specialist forager, whether the change is short-term or long-term, and 
the severity of the change. Generalist foragers experience consistent foraging success 
whereas the specialists’ success fluctuates in direct correlation to that of the 
availability of the preferred prey (Terraube et al. 2011). Generalist foragers are 
therefore more likely to breed successfully over the long-term than specialist foragers 
in conditions of fluctuating prey availability. Short-term reductions in prey availability 
during one particular breeding season may cause breeding failure, chicks to fledge at a 
lower mass, decreased juvenile survival, and in severe cases cause adult mortality 
(Croxall et al. 1999; Hipfner et al. 2000; McLeay et al. 2008; Chiaradia et al. 2010). 
However, long-term changes such as shifts of prey distribution and abundance can 
result in decreases in seabird population size and even population collapse (Crawford 
et al. 2007; Gjosæter et al. 2009). 
Complete reproductive failure (as a result of sometimes catastrophic events) is rare 
among seabirds. Even when the general population fails to produce chicks, there are 
still some individuals that succeed (Pierotti and Annett 1990). Thus long-term studies 
of diet and reproduction have found that even in years of poor food availability some 
individuals breed successfully (Crawford and Dyer 1995; Rindorf et al. 2000; Hedd et 
al. 2006). Dietary changes at the population level have been widely examined both in 
long-term and short-term studies (Montevecchi and Myers 1997; Croxall et al. 1999; 
Phillips et al. 2004), but variation in diet at the individual level is not well known. Woo 
et al. (2009) found that individual thick-billed murres (Uria lomvia) specialised in 
selecting different types of prey; though, this was not related to reproductive success. 
Western gull (Larus occidentalis) individuals that foraged primarily on fish had longer 
lifespans and higher reproductive success than their counterparts that fed primarily 
on human refuse (Annett and Pierotti 1999). Similarly, lesser black-backed gulls (L. 
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fuscus) that ate more fish and chicks of conspecifics had high reproductive success 
compared with gulls which ate more crabs and starfish (Bukacinska et al. 1996). 
However, comparisons of diet between individuals of differing quality have not been 
considered. 
Australasian gannets (Morus serrator) are apex marine predators that target a range of 
prey in terms of size and taxa (Norman and Menkhort 1995; Pyk et al. 2007). Previous 
studies of the diet of Australasian gannets (hereafter ‘gannets’) have been conducted 
in New Zealand and Australia, in Tasmania and Victoria (Wingham 1985, Brothers et 
al. 1993, Bunce 2001b). Gannets breeding at the Victorian site of Pope’s Eye are 
unique in that they have access to two distinct foraging environments — a semi-
enclosed, shallow marine embayment (Port Phillip Bay), and coastal and offshore 
continental shelf waters (Bass Strait). They also exhibit differences in individual 
quality, which are correlated with the use of different foraging areas (see Chapter 5). 
Here changes in the gannet diet between 1988 and 2006 and dietary parameters of 
high-quality and low-quality individuals are investigated to determine 1) whether 
there has been a shift in the diet of the gannets; and 2) whether high-quality 
individuals chose different prey compared to their low-quality counterparts. 
 
4.3 Methods 
4.3.1 Study site and data collection 
Data were collected at Pope’s Eye, Port Phillip Bay, Victoria, Australia (38°16’42’’S. 
144°41’48’’E.) where gannets breed on an artificial structure consisting of a rock 
annulus, concrete ‘tower’ and wooden platforms. Breeding of gannets at Pope’s Eye 
was first recorded in 1984, after which the number of nests increased rapidly reaching 
a maximum of around 190 breeding pairs in 2003. Annual breeding data at Pope’s Eye 
have been collected during 15 of 19 breeding seasons between 1988 and 2006 (where 
1988, for instance, refers to the 1988/89 breeding season). For further information on 
the study site and details of data collection see Chapter 2. 
Gannets lay a single-egg clutch and here reproductive success was defined as ‘fledging 
of a chick’. Individuals with a known breeding history of ≥ 3 years were used for 
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analysis relating to individual quality. An index of the quality of individuals was 
determined by calculating the mean reproductive success using the following formula 
where ‘x’ is the number of years of reproductive success available: 
 
 
This resulted in an index value between (and inclusive of) 0.00 and 1.00 for each 
individual which was used as a measure of individual quality. Individuals were grouped 
into one of two groups, i.e. low-quality (0.00 – 0.40; n = 24) or high-quality (0.60 – 
1.00; n = 56). Individuals whose mean reproductive success fell between 0.41 and 0.59 
were excluded from analysis. 
Regurgitates from (often banded) adult gannets were collected in polyethylene bags 
during four breeding seasons (2002, 2004 – 2006). Regurgitates were frozen and later 
thawed before analysis. Each regurgitate was weighed to ± 0.1 g; prey items were then 
separated, identified to species level where possible and the numbers of individuals of 
each species (or taxa) were determined. Individual prey items were weighed wherever 
possible. Here data for long-term comparison study have been taken from Norman 
and Menkhorst 1995 (1988 – 1991 seasons); Bunce 2001b, Bunce and Norman 2000 
(1997 – 1999 seasons); Ewing 2002 (2001 season); Goyen 2004 (2003 season). For 
comparison between high-quality and low-quality individuals, only four years of diet 
data were available (2002, 2004 – 2006). 
4.3.2 Statistical analysis 
Statistical analyses follow those outlined by Quinn and Keough (2002) using the 
statistical package R v.2.11.1 (R Development Core Team 2010). Summary statistics 
given below present the mean ± one standard deviation throughout. Percentage 
frequency of occurrence (FOO) was calculated for the prey species following Montague 
and Cullen (1988). Data were checked for normality and if non-normal, non-
parametric analyses were conducted. Comparative analyses were performed using t-
tests, ANOVA, Kruskal-Wallis tests, Wilcoxon tests, and generalised linear models 
(GLM). Where GLMs were conducted a gaussian distribution was used and multiple 
Sum of reproductive success for x years
 
x years 
Mean reproductive success =  
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samples from the same individual bird were accounted for by using individual as a 
random factor. All results were considered significant for values where p ≤ 0.05. 
4.4 Results 
4.4.1 Long-term dietary changes 
There has been a substantial change in the diet of gannets breeding at Pope’s Eye since 
1988. Their diet was earlier dominated by pilchard (Sardinops sagax neopilchardus), 
with this species occurring in more than 40% of regurgitates (Fig. 4.1) between 1988 
and 1991; however, there was a sharp drop in pilchard occurrence between 1998 and 
1999. The decline of pilchards in the gannets’ diet continued until 2001 when no 
pilchards were recorded in the diet. In the years when pilchard was the dominant prey, 
other species occurred in limited amounts, generally less than 15% FOO, with the 
exception of barracouta (Thyrsites atun) in 1988 and 1991. Immediately after the 
decline of pilchard, garfish (Hyporhamphus melanochir), anchovy (Engraulis australis), 
jack mackerel (Trachurus declivis), and red mullet (Upeneichthys vlamingii) became more 
prevalent in the gannet diet. In 2001, redbait (Emmelichthys nitidus), a species not 
previously found in the gannet diet began occurring in diet samples and barracouta 
was the dominant prey species (45% FOO). In the years following, jack mackerel and 
redbait alternatively dominated the gannet diet (40 – 50% FOO) with barracouta also 
commonly occurring in the diet (15 – 30% FOO). Since 2003 there has been a steady 
increase in the amount of pilchard in the gannet diet. Anchovy has also increased, 
while redbait has decreased significantly. 
The mean regurgitate mass was 154.3 ± 90.4 g (5.2 – 748.0, n = 1144), mean number 
of prey items was 3.5 ± 4.1 (1 – 51, n = 2976), mean number of species present per 
regurgitate 1.2 ± 0.3 (1 – 3, n = 12), and the mean mass of prey items 65.5 ± 43.9 g 
(5.7 – 292.0, n = 2976). There was no difference in regurgitate mass between the years 
(F = 0.04, d.f. = 10, p = 0.85). Nor was there any difference in the number of prey 
items (Kruskal-Wallis  2 = 8, d.f. = 8, p = 0.44) or the number of species present per 
regurgitate (Kruskal-Wallis  2 = 12, d.f. = 12, p = 0.45), or the mass of individual prey 
items (F = 2.14, d.f. = 7, p = 0.19), between years. 
 
  


Figure 4.1 Frequency of occurrence of the main prey taxa (identified to species level where possible) in the diet of Australasian gannets (Morus serrator) breeding at 
Pope’s Eye, Australia between 1988 – 1991, 1997 – 1999, and 2001 – 2006. Prey species include anchovy (Engraulis australis), blue mackerel (Scomber australasicus), 
barracouta (Thyrsites atun), garfish (Hyporhamphus melanochir), jack mackerel (Trachurus declivis), pilchard (Sardinops sagax neopilchardus), redbait (Emmelichthys 
nitidus), red mullet (Upeneichthys vlamingii), salmon (Arripis trutta) and yellow eye mullet (Aldrichetta forsteri).  
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4.4.2 Diet of high-quality and low-quality individuals 
Within the sample of known quality individuals there was no difference in regurgitate 
mass (F = 0.16, d.f. = 3, p = 0.69) or number of prey items per regurgitate (F = 1.22, 
d.f. = 3, p = 0.27) between years, so for each individual, data from multiple years were 
combined. Regurgitates from high-quality individuals had a slightly higher mean mass 
(mean = 171.0 ± 87.6, compared with 158.4 ± 90.6 for low-quality individuals), but 
this difference was not significant (t = 0.58, d.f. = 42.28, p = 0.57, n = 80). There was 
no difference in number of prey items per regurgitate (t = -1.44, d.f. = 26.4, p = 0.16) 
between high-quality and low-quality individuals. However, mass of individual prey 
items was significantly different between the four sample years (F = 6.33, d.f. = 3, 
p < 0.05). However, there was no difference in prey item mass between high-quality 
and low-quality individuals in any of the four years (Table 4.1). Comparison of diet 
composition between high-quality and low-quality individuals also showed that there 
was no difference in the prey species selected (Wilcoxon test, W = 96, d.f. = 13, 
p = 0.55). 
 
Table 4.1 Results of generalised linear model (GLM) comparing mass of prey items in 
regurgitates of Australasian gannets between high- and low-quality individuals in four 
different breeding seasons (2004, 2005, 2006), where 2002 is the reference category. Results 
show the model estimate, standard error (Std. Error), test statistic, and p value. Sample size = 
177. 
Variable Estimate Std. Error t value p 
Individual quality 21.146 13.805 1.532 0.128 
2004 105.415 55.646 1.894 0.060 
2005 0.874 42.987 0.020 0.984 
2006 -23.116 73.296 -0.315 0.753 
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4.4 Discussion 
Long-term data are particularly important for assessing large-scale temporal changes 
(Montevecchi and Myers 1995; Montevecchi 2007). Gannets are apex generalist 
marine predators (Martin 1989; Klages et al. 1992; Hamer et al. 2000) and therefore 
forage for the most profitable prey species. Analyses of the diet of gannets at Pope’s 
Eye suggest a shift in the Port Phillip Bay and Bass Strait marine ecosystem since 
1998. Relevant to this, in 1995 and 1998 the largest mono-specific fish kills ever 
recorded in Australia occurred when a herpesvirus originating from fish farms in 
South Australia killed an estimated 70 – 90% of pilchards (Ward et al. 2001a). There is 
no record of the gannet diet for 1995 or 1996; however, by 1997 barracouta had 
become the main prey with pilchards represented in less than 30% FOO of the diet 
considerably less than 40 – 50% FOO in the late 1980s and early 1990s. In 1999, the 
gannets compensated for the lack of pilchards by taking a higher proportion of other 
species including garfish (35% FOO), anchovy (27% FOO), blue mackerel (Scomber 
australasicus; 19% FOO), jack mackerel (18% FOO), and red mullet (13% FOO), with 
pilchard only occurring in 8% FOO. The trend in subsequent years showed that 
gannets relied on three main prey species, namely barracouta, jack mackerel and 
redbait. When co-occurring, jack mackerel and redbait often school together (Williams 
and Pullen 1993). However, juveniles of the two species inhabit different habitats with 
jack mackerel frequently occurring in sheltered coastline and bays, and redbait being 
more oceanic (Roschin 1985; Welsford and Lyle 2003). Although there is no 
information available for occurrence of jack mackerel and redbait in northern Bass 
Strait and Port Phillip Bay waters, it may be assumed that these species have moved 
into niches previously occupied by pilchard and that there has been a shift in the 
pelagic food web. Certainly in South Australia anchovy moved into niches previously 
occupied by pilchard (Ward et al. 2001b); however, there were no reports of this 
occurring in northern Bass Strait and Port Phillip Bay. Anchovy did not become more 
prevalent in the gannet diet and fisheries catches of anchovy were well below those of 
previous years (Department of Primary Industries 2008). Both redbait and jack 
mackerel exhibit large fluctuations in numbers that may be linked to oceanographic 
conditions (Welsford and Lyle 2003) and this may explain the annual fluctuations of 
their occurrence in the gannet diet. The results regarding redbait in gannet diets are 
similar to those found in a study of local Australian fur seals (Arctocephalus pusillus 
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doriferus). Redbait was more prevalent (> 30% of prey) in the seals’ diet between 2002 
and 2005, but less prevalent (< 10% of prey) between 1998 and 2001 (Kirkwood et al. 
2008). Similar annual fluctuations in diet have been found in northern gannets (M. 
bassana) and were due to prey availability being influenced by oceanographic 
conditions (Montevecchi and Myers 1996). 
With the pilchard herpesvirus now being widespread in the local population 
(Whittington et al. 2008) pilchard stocks appear to be recovering given that they were 
found in small but increasing quantities in the gannets’ diet from 2004 onwards; 
however, commercial fisheries catches in 2006 were less than 25% of catches before 
the pilchard die-off (Department of Primary Industries 2008), indicating a long and 
slow recovery of stocks. Whether this shift in the marine ecosystem is a temporary one 
or permanent remains to be seen and continued monitoring is required. 
Generalist and specialist predators perform differently in the presence of fluctuating 
prey availability with generalists experiencing stable foraging success and specialists’ 
success fluctuating in direct correlation to that of their preferred prey availability 
(Terraube et al. 2011). Gannets, being generalist predators (taking a wide range of 
prey size and species), did not appear to suffer long-term adverse consequences due to 
the pilchard die-off. The 1998 pilchard mortality occurred in the middle of the gannet 
breeding season (November) resulting in a substantial decrease in breeding success — 
48% in that year, down from 74% in 1997 (Chapter 2). However, in 1999 breeding 
success increased to average levels (64% see Chapter 2; Bunce et al. 2005).  In 
comparison, specialist predators, who prey on a limited size-range of prey, suffered 
extended breeding failure and adult mortality. Little terns (Sterna albifrons sinensis) 
suffered at least two years of poor breeding success following the pilchard die-off 
(Taylor and Roe 2004) and little penguins (Eudyptula minor) also experienced two years 
of very poor breeding success and high adult mortality (Chiaradia et al. 2010).  
Whilst a number of studies have investigated the relationship between diet and 
reproductive success in seabirds, few have investigated the relationship of individual 
quality and diet. In terrestrial birds high-quality individuals (those with higher 
reproductive success) frequently have a better diet, selecting nutritionally superior 
prey, compared with low-quality individuals (Lozano 1994; Casagrande et al. 2006; 
García-Navas et al. 2012). However, in this study there was no difference in any of the 
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dietary parameters between high-quality and low-quality individuals. Nevertheless, 
the diet of individuals may be completely dictated by prey availability itself. 
Within-season variation in diet of gannets at Pope’s Eye has been found, with peak 
incidence of different species occurring during different months of the breeding 
season (Pyk et al. 2007). Individual gannets may take prey species in proportion to the 
rate at which they are encountered, rather than expend more energy selecting 
nutritionally (in both energy and key elements) superior prey. There may also be no 
nutritional reason for individuals to select particular prey since calorific values may be 
similar. Indeed, there was little nutritional difference between the most frequently 
selected species, jack mackerel and barracouta (Vlieg 1982; Bunce 2001b). Although 
the nutritional composition of redbait is unknown, it is ecologically and biologically 
similar to jack mackerel (Welsford and Lyle 2003). In gannets, a usually highly 
successful breeding species, any individual quality differences in diet that may be 
found might only be evident in years of very low food availability. The gannets 
breeding at Pope’s Eye have consistently proven themselves to be flexible and 
adaptable foragers; however, they have never been exposed to continuous years of 
prey depletion because they were able to switch to feeding on different prey species. 
Sudden and prolonged changes in prey availability caused between 85 – 98 % decline 
in Cape gannet (M. capensis) colonies of South Africa and Namibia (Crawford et al. 
2007). Australasian gannets may be equally vulnerable to such decline, particularly if 
the prey depletion involved multiple prey species. However, the gannets of Pope’s Eye 
have foraging access to both Port Phillip Bay and Bass Strait, which may provide 
buffers to shifting prey availability. Furthermore, individual quality may be expressed 
in foraging behaviour rather than directly through diet and this warrants 
investigation. 
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CHAPTER 5 
 
Foraging strategies of Australasian gannets in relation to 
individual quality 
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Australasian gannet in flight 
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5.1 Abstract 
Breeding seabirds must balance the demands of self-provisioning and parental care 
within constraints imposed by the availability of food within foraging range of their 
colony. Foraging performance is important in determining reproductive success at the 
population level, but evidence that more successful breeders forage differently than 
less successful breeders is scarce. To date, studies of seabird foraging behaviour have 
primarily focussed on characterising movements, including variation between colonies 
in different environments or between those of different sizes, oceanographic habitats, 
and comparison of behaviour between years of differing prey availabilities. While these 
studies have provided detailed information on use of foraging areas, they have not 
examined individual differences in foraging behaviour which may underpin important 
ecological and evolutionary processes. This study investigated whether high-quality, 
breeding Australasian gannets (Morus serrator) demonstrated a different foraging 
strategy compared with low-quality conspecifics (where quality was inferred from an 
index of previous reproductive success). High-quality individuals travelled shorter 
distances, had smaller foraging ranges and commuted more slowly between breeding 
colonies and foraging areas than low-quality individuals, regardless of whether they 
were incubating or rearing chicks. The proportion of time spent commuting (segments 
of trips that occurred outside the core foraging areas) between and within core 
foraging areas was similar for both quality groups. These results suggest that 
high-quality individuals expended less energy gaining resources simply because they 
did not travel as far or as fast at their low-quality counterparts. Commuting speed, and 
speed within core foraging areas were faster and trip durations were shorter, during 
chick-rearing compared with incubation, but this did not vary with individual quality. 
By expending less energy on foraging, high-quality individuals may be simultaneously 
increasing their current and future reproductive value, and their lifetime reproductive 
success. 
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5.2 Introduction 
In animals, foraging behaviour depends on both internal constraints (e.g. animal 
behaviour) and external constraints (e.g. resource availability and distribution; Bell 
1991). Breeding seabirds are central place foragers and must balance the demands of 
self-provisioning and parental care (incubation, brooding and offspring-provisioning) 
within constraints imposed by foraging from a particular colony location (Orians and 
Pearson 1979). When foraging, seabirds face a variety of challenges including changes 
in prey abundance and availability, currents, inclement weather, and competition from 
conspecifics and individuals of other species (Ainley et al. 2003; Baillie and Jones 
2004; Burke and Montevecchi 2009; Garthe et al. 2009; Watanuki and Ito 2012). 
Therefore effective foraging strategies are crucial. Seabirds appear to use memory 
when seeking food, with individuals showing high foraging area fidelity on subsequent 
trips (Hamer et al. 2001; Davoren et al. 2003), using information from other marine 
predators (Camphuysen et al. 1999; Davoren et al. 2010) and from conspecifics when 
foraging (Yoda et al. 2011). During periods of low food availability seabirds increase 
their foraging range rather than forage more intensively within patches (Burke and 
Montevecchi 2009; Chivers et al. 2012). 
Data-logging studies of seabirds have gained prominence in the last 30 years, with 
earlier work focussing on characterising movements and oceanographic habitats 
(Weimerskirch et al. 1994; Weimerskirch 2002). More recently studies have 
investigated habitat use (Awkerman et al. 2005; Pinaud and Weimerskirch 2005), 
comparing different colonies of the same species (e.g. off-shore colonies compared 
with near-shore colonies, large compared with small colonies, Grémillet et al. 2004), 
comparing behaviour of different species (Hyrenbach et al. 2002), and comparing 
behaviour in years of contrasting oceanographic conditions and prey distribution 
(Garthe et al. 2011). However, while loggers provide detailed information on habitat 
utilisation, they have not been widely used to examine individual differences in 
foraging behaviour which may drive many important ecological and evolutionary 
processes. 
Differences in individual quality have been related to a number of reproductive 
parameters such as timing of breeding: with females that lay earlier consistently 
experiencing high reproductive success (Sydeman and Eddy 1995; see also Chapter 3); 
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and propensity to lay replacement clutches: with high-quality females being able to lay 
replacement clutches, expend a high level of care on replaced clutches (and subsequent 
chicks) and successfully fledge offspring (Wendeln et al. 2000; Hipfner et al. 2010; see 
also Chapter 3). Chick provisioning rates were also related to individual quality, with 
high-quality pairs feeding their chicks more frequently (Lewis et al. 2006b). Behaviour, 
in particular foraging behaviour, is an important proximate mechanism underlying 
quality (Lewis et al. 2006b). However, evidence is scarce to show whether, or how, 
more successful breeders forage differently than less successful ones (Lescroel et al. 
2010). 
Here Australasian gannets (Morus serrator) are used as a model species to examine 
differences in foraging behaviour between high-quality and low-quality individuals. 
The Australasian gannets (hereafter ‘gannets’) at Pope’s Eye breed in a semi-enclosed, 
shallow marine embayment (Port Phillip Bay), and have foraging access to both bay 
waters, and coastal and offshore continental-shelf waters (Bass Strait). Port Phillip Bay 
provides shelter for schools of juvenile fish. Various cohorts of different species move 
in and out of the bay during spring and summer, including jack mackerel (Trachurus 
declivis) and barracouta (Thyrsites atun), two key prey species in the gannet diet 
(Williams and Pullen 1986; Starling 1988; see also Chapter 4). In comparison the 
primary production and fish production of Bass Strait is low (Gibbs et al. 1986). The 
foraging ecology of breeding Australasian gannets was little known prior to this study 
and this stark foraging habitat choice for gannets presents an ideal model to examine 
any quality-related differences in foraging behaviour. A major prediction for this study 
was that high-quality birds would be more efficient in their foraging behaviour: they 
would have smaller foraging ranges, and conduct shorter trips compared with low-
quality individuals. 
 
5.3 Methods 
The study was conducted on breeding gannets at Pope’s Eye (38°16’42’’S. 
144°41’48’’E.), Port Phillip Bay, Victoria, Australia, where gannets breed on an 
artificial structure consisting of a rock annulus, concrete ‘tower’ and wooden 
platforms. The colony consists of approximately 190 breeding pairs (Chapter 2). 
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Gannets breed annually between July (start of nest building) and early April (last 
chicks fledge).  
5.3.1 Data loggers 
Breeding (banded) gannets were caught by hand and fitted with data loggers. GPS-TD 
loggers (Global Positioning System – Temperature Depth; earth and OCEAN 
Technologies, Kiel, Germany) were used. The loggers weighed 70 g (<3% gannet body 
weight) and were attached to feathers on the posterior dorsal side of the animal (upper 
tail coverts and 2 – 3 retrices) using Tesa® 4651 tape. Effort was taken to minimise the 
handling time and therefore stress caused to birds during logger attachment. 
Following logger attachment the birds quickly returned to the nest, and parental 
behaviour (egg and chick care) appeared normal. Birds were recaptured when they 
were next seen at the colony (3 – 14 days). In some cases when field trips were 
conducted, the targeted individuals were not at the nest and could not be recaptured 
for up to 14 days. After recapture, the loggers were removed from individuals and 
downloaded. The loggers were programmed to record GPS co-ordinates every 60 
seconds and depth data every second. Deployment of loggers occurred during three 
breeding seasons between 2004 and 2006, where 2004 for instance, refers to the 
2004/05 breeding season. Two periods of logger deployment took place during each 
breeding season: mid-season and late- season (Table 5.1). 
 
Table 5.1 Within season deployment of GPS-TD loggers for Australasian gannets breeding at 
Pope’s Eye, Port Phillip Bay, Australia, grouped into mid-season and late-season deployment 
dates. The table also shows the number of weeks during which loggers were deployed (Weeks), 
and the number of individuals that were incubating (Inc.) or chick-rearing (Chick) when data 
loggers were deployed on them. 
Season 
Mid-season 
dates 
Weeks 
n 
Inc. 
n 
Chick 
Late-season 
dates 
Weeks 
n 
Inc. 
n 
Chick
2004 29 Oct–5 Dec 5.5 4 6 13 Jan–28 Feb 6.5 2 9 
2005 31 Oct–18 Nov 2.5 3 0 10 Jan–7 Feb 4.0 0 10 
2006 26 Oct–9 Nov 2.0 4 1 9 Jan–18 Jan 1.5 0 2 
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5.3.2 Data handling and analysis 
GPS and time-depth data were downloaded and extracted from their proprietary 
format using custom earth and OCEAN Technologies software. Foraging trips were 
determined by considering the start of a trip being when an animal moved more than 
200 m from the colony and ended when an animal returned to within 200 m of the 
colony. Foraging trip duration was calculated as the interval in time (hrs) from an 
animal leaving and returning to the colony. Total distance travelled (km) was 
determined by calculating the total cumulative distance between all positional fixes 
along the foraging track. Foraging range (maximum linear distance from the colony) 
was calculated using coordinates to determine the furthest point reached from the 
colony. At-sea behaviour of gannets was quantified using kernel home-range analysis, 
calculated using a bivariate normal kernel, with the R package adehabitatHR (Calenge 
2012). The areas encompassing the calculated core 50% and 95% of kernel density 
were extracted and the size (km-2) of these core foraging areas was calculated, as was 
the distance (km) and bearing from Pope's Eye to the centre of each core area. Flight 
speed was calculated for segments of track that occurred inside and outside of the 
areas encompassing the core 50% and 95% of kernel density (core foraging areas). 
Flight speed for segments that occurred outside the core foraging areas was defined as 
‘commute’ speed. Analysis of dive data was conducted by offsetting for drift in the 
pressure sensor (zero-offset correction) and then calculating dive summary statistics 
using the R package diveMove (Luque 2012).   
5.3.3 Indexing the quality to individuals 
Previous reproductive success was used to create an index of the quality for each 
individual (after Lewis et al. 2006b; Chapter 4). A sample of 25 birds with known 
breeding history ≥ 3 years (mean = 5.3, SD = 2.0, 3 – 10, n = 25) was used. For each 
individual a mean reproductive success was calculated using the following formula 
where ‘x’ is the number of years of reproductive success available: 
 
 
  
Sum of reproductive success for x years 
x years 
Mean reproductive success  =  
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This resulted in an index between (and inclusive of) 0.00 and 1.00 for each individual 
and was used as a measure of individual quality. Individuals were classified into one of 
two groups: low-quality (0.00 – 0.40; n = 13) or high-quality (0.60 – 1.00; n = 12). Data 
loggers were deployed on each individual only once during the study period, with the 
exception of two individuals on whom data loggers were deployed twice, but in 
separate seasons. Most individuals (19 of 25) sampled laid their first clutch within one 
standard deviation of the mean laying date for the colony and the remaining six 
individuals laid earlier (2, 13, 15, 20 days) or later (18 and 37 days), and these six 
individuals were distributed among the high-quality and low-quality categories.  
5.3.4 Differences between individuals 
For each foraging trip the following variables were recorded: the identity of the 
individual bird (BirdID), within season group (mid-season or late-season, Table 5.1), 
breeding stage (incubating or chick-rearing, Table 5.1), total distance travelled (km), 
foraging range (maximum distance from colony; km), trip duration (min), mean 
overall speed (km h-1), mean commuting speed (speed during segments of trips that 
occurred outside the core foraging areas; km h-1), mean speed within core foraging area 
(km h-1), number of dives, dive depth (m), dive duration (sec), 50% and 95% kernel 
home-range (core foraging area), encompassing distance (km) and bearing from Pope's 
Eye to the centre of each core area of activity. Dive depth and dive duration were 
highly correlated (rspearman = 0.79, n = 745, p < 0.001) so only dive depth was analysed.  
To test for differences in the foraging parameters measured between individuals of 
high-quality and low-quality, linear mixed-effects models (LMMs) were applied (Zuur 
et al. 2009). Data sets were first explored for possible sex differences, within season 
group differences and breeding stage differences. There was no difference in the 
foraging parameters between the sexes or within season (mid-season and late-season); 
however, differences between breeding stages were found. Thus LMMs were developed 
with continuous foraging parameters as the response variables, a gaussian distribution 
and the effects of individual quality and breeding stage were identified additively. 
BirdID was included as a random factor to account for differences between individuals 
and years. Regression modelling was undertaken using the lme4 package in R v.2.15.1 
(R Development Core Team 2012). All results were considered significant where the 
test statistic (t value) was ≥ 2.00 (Quinn and Keough 2002). Summary statistics 
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present the mean ± one standard deviation, range and sample size throughout. Unless 
otherwise stated all analyses have been undertaken using custom written routines 
within the R statistical environment.  
5.3.5 Numbers of individuals sampled 
For the data used in the LMMs, 27 deployments from 25 individuals recorded GPS 
data, only 15 recorded dive data, thus for analyses involving number of dives and dive 
depth only 15 deployments were used. However, for analyses of other foraging 
parameters all 27 deployments were used. 
Not all deployments were on individuals of known quality. To establish a better 
understanding of the foraging ecology of breeding Australasian gannets, a further 14 
gannets whose known breeding history was either less than 3 years, or whose quality 
index fell between 0.41 and 0.59, had data loggers deployed on them. This brought the 
total number of animals on which data loggers were deployed to 39. 
For the summary statistics, data from all 39 animals were used; however, a total of 41 
deployments were recorded because two animals were sampled twice. For some of 
these deployments the data loggers failed to record dive data, so that of the 41 
deployments that recorded GPS data, only 23 recorded dive data.  
 
5.4 Results 
5.4.1 General foraging patterns 
From the 41 deployments on 39 individuals, 114 foraging trips were recorded; 60 trips 
recorded dive data, 12 recorded no dives (i.e. the individuals did not dive) and there 
were 42 trips where the data loggers failed to record dive data. Gannets visited three 
main zones during foraging trips, i.e. southern Port Phillip Bay, and northern Bass 
Strait, either to the east or to the west of the entrance to the bay. They primarily 
foraged in coastal areas, particularly around bathymetric features. The mean foraging 
range was 36.8 ± 31.5 km with the total distance travelled being 123.2 ±109.2 km per 
trip (Table 5.2). Foraging trips generally lasted an average of 11.0 ± 9.7 hrs; however, 
some individuals were away from the colony for up to 2 days. Mean speed during 
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foraging trips was 12.1 km h-1, although individuals could reach speeds of up to 
83.3 km h-1. Foraging range, total distance travelled, and foraging trip duration were 
comparable between years (Table 5.2). Dive frequency was lower in 2006 than in other 
seasons. 
5.4.2 Individual quality and foraging behaviour 
High-quality individuals travelled shorter distances when foraging than low-quality 
individuals both during incubation and chick rearing (Table 5.3, Fig. 5.1). High-quality 
individuals had a foraging range of 29.0 km ± 25.7 (2.3 – 95.2, ntrips = 42), whereas low-
quality individuals had a foraging range of 52.5 km ± 34.8 (7.3 – 143.4, ntrips = 32). 
Upon leaving the colony high-quality individuals travelled on a south-easterly bearing 
and foraged predominantly within the bay, whereas low-quality individuals travelled 
on a south-westerly bearing and foraged outside the bay predominantly in an area 
along the south-west coast of Victoria (Fig. 5.1). Low-quality individuals travelled 
about twice as far from the colony to a foraging area than high-quality individuals. 
They also travelled at a faster speed when commuting than high-quality birds, 
although there was no difference between groups for the speed travelled within core 
foraging areas. The distance from the colony to both the 50% and 95% kernel home-
ranges (core foraging areas) was significantly further for low-quality individuals.  
There was no difference in the proportion of a trip spent commuting compared with 
that spent within the core foraging area between groups of different quality. However, 
both commuting speed and speed within the core foraging areas were faster during 
chick-rearing compared with during incubation. Foraging trip duration was longer 
during incubation than chick-rearing, but there was no difference between high-
quality and low-quality individuals. Mean travel speed was higher during chick-rearing 
than incubation, and again there was no difference between high-quality and low-
quality individuals. There was also no difference in the number of dives or dive depth 
between groups of differing quality. 
 
  
Table 5.2 Summary of the parameters examined for foraging trips performed by breeding Australasian gannets from Pope’s Eye, Port Phillip Bay, Victoria, 
Australia, between 2004 and 2006 breeding seasons (SD = standard deviation).  
 2004 2005 2006 All years 
Parameter Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range 
Foraging range (km)  38.5 ± 34.0 0.3 – 143.4 36.8 ± 28.1 0.5 – 106.2 30.2 ± 28.3  8.5 – 95.2 36.8 ± 31.5 0.3 – 143.4 
Total distance travelled 
(km) 
120.1 ± 109.2  0.2 – 483.2 126.6 ± 118.6 0.5 – 594.1 129.1 ± 90.0  38.4 – 330.6 123.3 ± 109.2 0.2 – 594.1 
Trip duration (hrs) 10.5 ± 9.84 0.1 – 43.4 12.1 ± 11.2 0.3 – 52.6 10.9 ± 5.4  1.9 – 20.9 11.0 ± 9.7 0.1 – 52.6 
No. dives per foraging trip 10.9 ± 17.7 0 – 97 15.4 ± 15.1 0 – 56 1.8 ± 3.1 0 – 8 11.7 ± 16.3 0 – 97 
Number of individuals 21  13  7  39†  
Number of trips 64  34  16  114  
Number of trips recording 
dive data 
41  25  6  72  
Mean max. dive depth (m) 2.3 ± 1.7 0.2 – 9.9 3.4 ± 2.0 0.2 – 8.5 3.1 ± 0.9 1.4 – 4.2 2.6 ± 1.2 0.2 – 9.9 
Mean max. dive duration 
(sec) 
3.4 ± 1.8 1.0 – 12.0 4.4 ± 2.2 1.0 – 14.0 4.7 ± 2.4 1.0 – 10.0 3.7 ± 1.3 1.0 – 14.0 
Number of dives 443  291  11  745  
† Two individuals were sampled twice (in different years) 
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Figure 5.1 Core foraging areas (encompassing both 50% and 95% kernels) for Australasian 
gannets breeding at Pope’s Eye, Port Phillip Bay, Victoria, Australia; a) high-quality 
individuals, and b) low-quality individuals. 
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Table 5.3 Results of linear mixed models (LMMs) of the relationship between the foraging parameters, individual quality and breeding stage; presenting the model 
estimates, standard errors (SE), test statistics (t value), and sample sizes (n). Asterisks indicate statistically significant results. 
Foraging parameters 
Individual quality Breeding stage n 
   
Estimate SE t value Estimate SE t value  
Total distance 58.75 23.430 2.501* 1.980 27.240 0.073 75 
Foraging range  25.08 8.735 2.871* -8.548 9.586 -0.892 75 
Trip duration 148.72 125.490 1.185 355.760 145.850 2.439* 75 
Speed 0.70 0.450 1.565 -1.191 0.523 -2.277* 75 
Commute speed  8.20 2.899 2.827* -11.749 3.469 -3.387* 69 
Speed within core foraging areas 1.76 1.782 0.988 -6.707 2.132 -3.145* 69 
Proportion of time spent in commute 0.547 2.5319 0.216 -2.7300 2.9155 -0.936 69 
Proportion of time spent in core foraging areas -0.547 2.5319 -0.220 2.730 2.916 0.940 69 
Number of dives 5.92 3.825 1.547 -2.979 4.095 -0.728 42 
Dive depth 0.47 0.529 0.881 0.149 0.546 0.273 38 
Distance from colony of 50 % kernel core foraging areas  22843.00 7310.00 3.125* -6612.00 8077.00 -0.819 59 
Bearing from colony of 50 % kernel core foraging areas 49.270 22.670 2.174* -73.290 23.54 -3.113* 59 
Distance from colony of 95 % kernel core foraging areas 17469.00 5613.00 3.112* -1002.00 6202.00 -0.162 59 
Bearing from colony of 95 % kernel core foraging areas 37.920 23.610 1.606 -50.420 24.500 -2.058* 59 
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5.6 Discussion 
Previously, the marine environment was widely believed to hold unpredictable and 
patchily distributed resources (Ashmole 1971). However, recent studies have found 
that the predictability of the marine environment is dependent on the spatial and 
temporal scale considered, that seabirds are not foraging for unpredictable resources 
and employ deliberate foraging strategies (Weimerskirch 2007). Furthermore, seabirds 
are apparently able to anticipate the spatio-temporal occurrence of their prey (Pettex 
et al. 2010). Results from this study suggest that the gannets breeding at Pope’s Eye 
commute regularly to particular areas where they have been previously successful. 
They predominantly foraged in three different areas. To visit two of these areas, they 
travelled from their colony through Port Phillip Heads (entrance to the bay) and then 
either travelled eastwards or westwards (Figure 5.1). It appears they focus their 
foraging activity on near-shore bathymetric features that may be areas where pelagic 
fishesconcentrate, with similar foraging behaviour found in northern gannets (M. 
bassana; Hamer et al. 2000). Pope’s Eye gannets also forage within Port Phillip Bay in 
the south-eastern part of the bay where there is a deep channel. During spring and 
summer it is likely that schooling pelagic fish such as juvenile barracouta, jack 
mackerel and anchovy (Engraulis australis) are found in the bay (Blackburn 1950; 
Williams and Pullen 1986; Starling 1988) and these may be accessible to gannets.  
Seabirds from larger colonies frequently have greater foraging ranges than those from 
smaller colonies (Lewis et al. 2001; Grémillet et al. 2004). Although some individuals 
were capable of travelling up to 143.4 km from the colony, the gannets from Pope’s 
Eye (a small colony) frequently maintained a much smaller foraging range (mean 36.8 
km). This is significantly less than previous estimates made for Australasian gannets 
at the same colony, derived from extrapolation of radio-tracking data (mean 94 km; 
Bunce 2001b). Comparatively, northern gannets and Cape gannets (M. capensis) 
travelled much further (means 89 – 223 km; Hamer et al. 2001; Grémillet et al. 2004) 
than estimates of foraging ranges obtained in this study, although these differences 
are probably related to prey availability. These colonies are much larger than the 
Pope’s Eye colony and therefore prey nearest the colony would be more quickly 
depleted requiring birds to travel further. Foraging trip duration in this study (mean = 
11.0 hr) was similar to that found previously (9.7 hr; Bunce 2001b). In this study 
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during 12 of 72 foraging trips no diving activity was recorded. Anecdotal evidence 
suggests that surface feeding for fish does occur in gannets, so it is possible that 
feeding ‘events’ were missed. As with most applications of high-end technology on 
animals there are limitations from the data provided by the technology and to some 
extent the animals’ behaviour must be inferred. For example, with the loggers that 
were used in this study there is no way of knowing whether an animal was resting on 
the surface of the water or surface feeding. 
5.6.1 Foraging differences between high-quality and low-quality individuals 
High-quality individuals forage more efficiently than low-quality individuals, with 
differences particularly apparent under harsh conditions (Lescroel et al. 2010). This 
study found that high-quality individuals foraged nearer to the colony (had smaller 
foraging ranges), travelled shorter total distances and commuted at slower speeds 
than their low-quality counterparts. However, there was no difference between birds 
of differing qualities in trip duration, and both low-quality and high-quality 
individuals spent similar proportions of each trip commuting. There was no difference 
in prey species selection between high-quality and low-quality individuals (Chapter 4). 
If it is assumed that birds acquired equally nutritious and energetic food regardless of 
foraging location, then high-quality individuals would have expended less energy 
simply because they did not have to travel as far or as fast as low-quality individuals. 
Diet analysis showed that low-quality birds return to the colony carrying the same 
food mass (based on regurgitate mass) as that carried by high-quality individuals 
(Chapter 4). Low-quality birds travelled further and faster and may need added energy 
to resource this. They would therefore, either need to forage more or deliver less food 
to their chicks. In contrast, high-quality individuals, by expending less energy foraging 
in a particular breeding season, may be maintaining themselves in better condition for 
future reproductive efforts and thus increasing their future reproductive value and 
their lifetime reproductive success.  
5.6.2 Foraging niche separation 
Interactions between individuals foraging at sea during the breeding season are not 
well understood. Seabirds foraging from adjacent colonies have little or no overlap in 
foraging areas (Ainley et al. 2003; Grémillet et al. 2004). However, little is known 
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about intra-specific competition between individuals of the same colony and even less 
is known about interactions between individuals foraging in the same patch. There are 
two types of competition that can occur, i.e. exploitative competition and interference 
competition. Exploitative competition involves the removal of prey by foragers, which 
lowers the amount of prey available (Charnov 1976). Interference competition lowers 
the rate at which foragers can load prey (i.e. catch a prey item and eat it; Ydenberg et 
al. 1986). Interference competition may operate in a variety of forms. Disturbance of 
prey can make them harder to catch, with schools submerging and moving out of reach 
of the predator (Ainley et al. 2003). The schools can also “disrupt” and prey can flash 
colours, creating an erratic nature to pursuits, forcing the predator to continually 
switch targets (Neill and Cullen 1974). This causes the predator to waste time and 
energy, and the longer the hunt goes on the more difficult it becomes to catch a fish 
(Neill and Cullen 1974). Therefore the most effective predator may be the one that 
arrives at the prey patches earlier and is the quickest at prey capture.   
There was very little overlap between the core foraging areas of high-quality and 
low-quality individuals.  Low-quality individuals foraged significantly further from the 
colony suggesting that they may be competitively excluded by conspecifics from prey 
patches nearer to the colony. When distinct food patches with identical food 
parameters are considered, fewer foragers use the farther patches (Dukas and 
Edelstein-Keshet 1998). Density of foragers in prey patches is likely to be higher in 
areas closer to the colony. There are other gannet colonies in Port Phillip Bay, with at 
least 500 breeding pairs within the bay (Bunce et al. 2002). Pope’s Eye, however, is the 
largest colony and the closest to the entrance of the bay (Norman et al. 1998). 
Individuals foraging within the bay may be competing with those from other colonies 
and predator density within patches may be higher. Low-quality individuals may lack 
the skill to compete at nearer patches. They may not be as effective at locating prey 
patches, possibly lacking the knowledge or skill, and therefore may arrive late and have 
limited access to prey. Low-quality individuals may also be less skilled at prey capture, 
particularly when under pressure from competition by conspecifics. In other species 
(e.g. dunlins Calidris alpina), individual skills constrained foraging habitat and prey 
choices, with individuals that lacked the skill to capture high-quality prey forced to 
forage in other habitats and for lower quality prey that were easier to catch (Santos et 
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al. 2010). By foraging in patches further from the colony, low-quality gannets may 
benefit from a reduction in competition and have better access to resources than if 
they were to forage in patches closer to the colony. However, to access these resources 
they need to expend more energy travelling faster and further in their foraging 
behaviour, which may negatively impact current and future reproduction.  
It is suggested that climate change will lead to changes in the East Australian Current 
that will impact Bass Strait potentially affecting fish abundance and distribution 
(Hobday and Lough 2011). Thus gannets foraging in Bass Strait may be more 
vulnerable to these changes than those foraging in Port Phillip Bay. Foraging efficiency 
may either be the cause or consequence of quality. That is, high-quality individuals 
may be intrinsically better than their conspecifics and thus better foragers and 
experience higher reproductive success, or they may be of high-quality because they 
are better foragers and thus have consistently high reproductive success. In order to 
better understand individual behaviour and its relationship to reproductive success 
and individual quality, future research should investigate chick-provisioning rates and 
food mass delivered in relation to foraging behaviour and to investigate both 
individuals in a pair. Since gannets and most other seabirds exhibit bi-parental care, 
the within-pair interactions such as time spent at nest and provisioning rates are likely 
to be important in achieving reproductive success and may drive many important 
ecological and evolutionary processes.  
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6.1 Thesis overview 
The aim of this final chapter is to synthesise the key findings of this study of an apex 
marine predator, the Australasian gannet (Morus serrator, hereafter ‘gannet’), as a 
model to investigate longitudinal trends, individual quality and foraging behaviour of 
a temperate seabird. First, the main findings are briefly summarised in relation to the 
themes and objectives of this study. Second, these findings are discussed in relation to 
three major areas of current theoretical and research interest (Weimerskirch 2007; 
Clutton-Brock and Sheldon 2010), namely the current understanding of age-related 
effects in reproductive success at the individual level, individual quality and its 
association with foraging behaviour, and the value of long-term studies to our 
understanding of seabird ecology. Lastly, some suggestions for future research are 
provided. 
The main objectives of this study were to examine aspects of seabird ecology using 
long-term data at both the colony and individual level. The data were used to 
investigate colony development, reproductive performance, and the influence of 
individual differences in diet and foraging behaviour. The specific objectives of this 
research were to: 
• examine the long-term trends in a developing seabird colony, with particular 
emphasis on phenology, breeding success, recruitment, breeding density and 
demography, 
• investigate the influence of a number of variables (age, laying date and 
replacement laying) on reproductive success at the individual level, 
• evaluate the long-term gannet diet and determine whether there has been a 
shift; and to investigate whether high-quality individuals choose different prey 
compared to their low-quality counterparts, and 
• determine whether high-quality individuals used different foraging strategies 
compared with low-quality individuals. 
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The findings of this study help improve the understanding of long-term trends, 
determinants of reproductive success, individual quality and foraging behaviour. 
Colony growth conformed to the second (rapid growth) and third phases (slowing and 
plateauing of growth) of the 3-phase model of colony development (Dunlop 2005). 
Neither the expected trends of improvement in breeding success and earlier timing of 
breeding were found as the colony developed. At the individual-level, timing of 
breeding was strongly related to reproductive success, but age was not. When foraging, 
high-quality individuals travelled to different areas, travelled shorter distances, had 
smaller foraging ranges and commuted more slowly than low-quality individuals. 
However, there were no dietary differences between individuals of differing quality. 
Further details are available in Table 6.1 which presents a listing of the themes of the 
study, objectives and key findings. 
 
 
Table 6.1 Summary of objectives and key findings in the study of Australasian gannets breeding at Pope’s Eye, Port Phillip Bay, Victoria, Australia. 
Theme Objectives Key findings 
Long-term trends in a 
developing seabird 
colony 
• Examine whether the colony 
conformed to the 3-phase model of 
colony development 
• Colony growth conformed to the second and third phases of the 3-phase
model. The colony grew rapidly (second phase) with growth subsequently
slowing and plateauing (third phase) as a density-dependent factor (lack of
additional nesting space) took effect. There was uncertainty around the first
phase of colony growth due to lack of available data 
 • Determine whether, as the colony 
matured, timing of breeding became 
earlier and breeding success increased  
• Breeding success at Pope’s Eye was consistently high, but variable, with no 
increase in success as the colony developed and aged. Timing of breeding 
varied between years with no trend towards earlier breeding in the colony 
as a whole 
 • Determine whether age of recruitment 
varied throughout the study period 
and between the sexes 
• The average age of recruitment was 7.3 ± 2.8 years, varying throughout the 
study period; however, no consistent temporal trend was detected, and 
there was no difference in recruitment age between birds of known sex 
Determinants of 
reproductive success 
• Determine whether reproductive 
success improved with increasing age 
• There was no relationship detected in this study between reproductive 
success and age 
• Examine how the timing of laying 
affected reproductive success 
 
• There was a strong relationship between reproductive success (fledging of a 
chick) and timing of breeding. Probability of success increased with timing 
of breeding until 35 days (probability = 0.77) into the breeding season and 
then declined. Individuals laying after 80 days had a reproductive success 
probability of < 0.45. Most pairs that laid early initiated a replacement 
clutch if they lost their first clutch, which increased their chances of 
reproductive success 

 
Table 6.1 Continued   
Theme Objectives Key findings 
Determinants of 
reproductive success 
(continued) 
• Evaluate what improvement in 
reproductive success could be gained 
by replacement laying 
• Pairs that initiated a replacement clutch had a 0.32 probability of 
reproductive success from their second clutch 
• Investigate whether age influenced the 
timing of laying and propensity to lay 
replacement clutches 
• Timing of breeding for individuals became progressively earlier with 
increasing age. Age had no effect on the propensity to lay a replacement 
clutch 
Long-term dietary shift 
and dietary differences 
between high-quality 
and low-quality 
individuals 
• Determine whether there has been a 
shift in diet   
• There has been a substantial shift in the diet of gannets since the “feed lot” 
virus decimated wild pilchard populations in 1998. Since then, pilchards 
(Sardinops sagax neopilchardus) represented < 10 % frequency of occurrence 
in the diet and were absent in some years. After 1998 the gannet diet was 
dominated by redbait (Emmelichthys nitidus), jack mackerel (Trachurus 
declivis) and barracouta (Thyrsites atun) 
 • Investigate whether high-quality 
individuals chose different prey 
compared to their low-quality 
counterparts 
• There was no difference in diet between high-quality and low-quality 
individuals, in either regurgitate mass, individual prey-item mass, nor in 
the frequency of occurrence of prey species 
Foraging strategy in 
relation to individual 
quality 
• Identify whether high-quality 
individuals used different foraging 
strategies compared with low-quality 
individuals 
• High-quality individuals travelled to different areas to forage, travelled 
shorter distances, had smaller foraging ranges, and commuted more slowly 
between the breeding colony and foraging areas when compared with low-
quality individuals 
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6.2 Age-related effects in reproductive success at the individual level 
Reproductive performance in birds, including seabirds, can vary with age 
(Clutton-Brock 1988; Newton 1989; Sæther 1990). Previous studies have found that 
timing of breeding became earlier with increasing age (Nisbet et al. 1984; 
Gonzalez-Solis et al. 2004; Nisbet and Dann 2009). The tendency to lay replacement 
clutches also increased with age (DeForest and Gaston 1996; Wendeln et al. 2000; 
Arnold et al. 2010; Becker and Zhang 2011) as did reproductive success (Wooller et al. 
1990; Weimerskirch 1992; Ratcliffe et al. 1998; Mauck et al. 2004; Nisbet and Dann 
2009). However, in this study age was not found to be related to reproductive success, 
nor did it affect the tendency to lay replacement clutches. Instead the driver of 
reproductive success in gannets was the timing of breeding which became earlier with 
increasing age. This somewhat paradoxical result could be explained by almost all the 
known-age birds laying their eggs during the period with the highest probability of 
reproductive success (probability 0.60 – 0.77; between 10 and 70 days from the start 
of laying in the colony). Further, early breeding pairs that failed in their first breeding 
attempt also laid replacement clutches more frequently and had a much higher 
probability of being successful with their replacement clutch than pairs associated 
with first clutches laid later in the season. These results suggested firstly, that 
individuals laying replacement clutches may be of higher quality because they are able 
to expend extra energy for replacement laying and incubating, and are then possibly 
spending more energy feeding their chicks later in the season. Secondly, age-related 
improvements in reproductive success may not be important in all seabird species as 
previously thought, particularly in a species like the Australasian gannet with 
consistently high reproductive success and (apparently) very favourable feeding 
conditions. Age-related breeding success may only be apparent in years of poor food 
availability (e.g. Laaksonen et al. 2002; Bunce et al. 2005) and therefore not evident in 
gannets from the Pope’s Eye colony. 
Much of the existing evidence used to generate and support theories relating to age-
effects on reproductive success was conducted at the colony-level (i.e. the data were 
pooled) and used classical statistical tests that do not take into account individual 
variation (due mainly to limitations of statistical techniques available at the time). 
Some examples include Ollason and Dunnet (1978), Nisbet et al. (1984), Hamer and 
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Furness (1991) and Wooller et al. (1990). This study found that age-related 
improvements in reproductive success were evident in the raw data (Chapter 3); 
however, once individual variation was accounted for, age-effects were not important. 
In some studies, age of individuals was often assumed and categorised (e.g. 
‘immature’, ‘young’) rather than determined and specified (e.g. Weimerskirch 1992), 
presumably to increase sample sizes because the number of individuals followed from 
hatching was often small, especially given mortality, or where individuals were banded 
as adults and age was unknown. Applying an assumed age was often based on the 
mean age of recruitment at the study colony or at other colonies of that species (e.g. 
Pyle et al. 2001), or on breeding experience (e.g. Wooler et al. 1990; Mauck et al. 
2004). Sometimes a minimum known age was used (e.g. Massaro 2002). However, 
such extrapolated ages may mask subtle patterns associated with aging. This study 
found that the mean age of first breeding for gannets was higher than previously 
known (5 or 6 years, Norman 2001) and varied widely between individuals 
(mean 7.3 ± 2.8 years, 3-19, n = 215, Chapter 2 above). The mean within-pair age 
difference was 2.5 ± 2.9 years (0 – 13, n = 69), with only 16.3% (8 of 49) of pairs 
representing individuals of the same age (Chapter 3). Therefore, applying an assumed 
age to individuals in this population could lead to erroneous or misleading results, 
particularly where effect sizes are small, and may result in flawed conclusions. 
Several studies suggest that the pattern of age-specific variation in reproductive 
output should be related both to the chances for future survival and to the 
consequences for reproduction in the following years (Emlen 1970; Schaffer 1974; 
Charlesworth 1980). However, this presumes that investing in reproduction is costly 
in terms of survival and future reproductive opportunities. Perhaps this is not the case 
for all seabird species. Coulson and Thomas (1985a) found no costs in terms of lower 
survival for kittiwakes (Rissa tridactyla) that laid larger clutches and reared more 
chicks. Gannets, for example, lay a single-egg clutch but are capable of raising two 
chicks (Bunce 2001a). Manipulation of the duration of incubation did not adversely 
affect reproductive success (Ewing et al. 2005). Gannets are also capable of investing 
in replacement clutches if the first breeding attempt failed (Chapter 3). At the colony-
level their reproductive success was high (65.2%), and only decreased to 48% during 
1998 when previously preferred prey availability was reduced. They were flexible 
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foragers and were able to shift to other prey species in subsequent years and retain 
relatively high reproductive success (Chapter 4). Moreover, they are an abundant and 
expanding species (Bunce et al. 2002). Therefore, reproduction in gannets may not be 
as costly when compared with other species.  
 
6.3 Individual quality and its association with foraging behaviour 
6.3.1 Individual quality 
There have been attempts to define an individual’s quality with many definitions 
relating to components of reproductive success or reproductive success itself (e.g. 
Coulson 1968). Much of the ‘information’ about parental quality is expressed by the 
time the eggs are laid (Nisbet et al. 1998). High-quality individual seabirds may lay 
larger clutches (i.e. more eggs; Coulson and Porter 1985) and larger eggs (Bolton 
1991). They also arrived at the colony earlier at the start of each breeding season 
compared with conspecifics and laid earlier (Coulson and Porter 1985; Sydeman and 
Eddy 1995; Catry et al. 1999; Becker and Zhang 2011). Repeatability of laying date for 
individuals during multiple years has been used as a good indicator of quality 
(Sydeman and Eddy 1995; Catry et al. 1999; Massaro et al. 2002). However, these 
persistent individual differences may be due to a ‘fixed’ heterogeneity, with some 
individuals always having low survival and reproductive success and others always 
having high survival and reproductive success (Orzack et al. 2011). Individuals of each 
type may improve within themselves, but they will always be either high-quality or 
low-quality individuals (e.g. timing of laying Mills 1989). This can be relevant to 
behavioural traits (such as foraging) where the ability to learn is crucial. 
6.3.2 Individual quality and differences in foraging behaviour 
Seabird foraging behaviour is not well understood. Foraging performance is important 
in determining breeding success at the population level, but evidence to show that 
more successful breeders forage differently than less successful ones is scarce (Lescroel 
et al. 2010). Foraging efficiency is essential to reproductive success both before 
breeding, when females must acquire enough nutrients to produce eggs, and during 
chick-rearing. Successful foraging is also a skill that must be mastered and variation in 
Chapter 6 
 
 

76 
the ability to improve may occur between individuals. Results obtained in this study 
indicated that high-quality individuals travelled shorter distances, had smaller 
foraging ranges and foraged in different areas compared with their low-quality 
conspecifics. High-quality individuals also commuted at a slower speed between the 
colony and core foraging areas. The proportion of time spent commuting between and 
within core foraging areas was similar between both quality groups suggesting high-
quality individuals expended less energy gaining resources simply because they did not 
travel as far or as fast as their low-quality counterparts. In doing so, high-quality 
individuals may be maintaining themselves in better condition for future reproductive 
efforts and thus increasing their future reproductive value and their lifetime 
reproductive success. High-quality individuals may also have the advantage of 
behavioural buffers in the face of changing environmental and prey conditions (e.g. 
Burger and Piatt 1990). 
 
6.4 Long-term studies and their value in understanding seabird ecology  
Many important ecological questions can only be answered using long-term data sets 
because ecological and evolutionary processes affecting populations operate over 
multi-year or decadal scales, especially where generation times are long and where 
resources vary unpredictably. Long-term data on individual animals can be used to 
identify causes of change, since many processes and environmental events may only 
affect individuals at particular stages in their life history (Clutton-Brock and Sheldon 
2010). In seabirds, long-term data sets can answer questions at the population-level or 
breeding colony-level concerning long-term trends, population size and colony 
regulation, consequences of stochastic events and age-related processes (Wooller et al. 
1992).  
Seabird populations are generally unstable, with numbers often increasing or 
decreasing between years or generations (Nisbet 1989). Developing colonies (such as 
Pope’s Eye) provide an ideal opportunity to investigate the processes that occur when 
populations are increasing and colonies are expanding (e.g. the gannet population in 
Australia; Bunce et al. 2002). When populations are increasing, recruitment of 
individuals to colonies is often high and comparisons between colony-level 
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reproductive success, the rates of natal recruitment and immigration can provide an 
indication of reproductive success at the population level, especially when it is not 
possible to monitor an entire population (e.g. Oro and Pradel 1999).  Long-term data 
sets provide measures of recruitment (Croxall et al. 1990), mate availability within the 
colony (Becker and Bradley 2007) and adult survival (Waugh et al. 1999). Further, 
density-dependent factors become important as colonies grow. Some colonies reach a 
plateau in size due to lack of nesting space (e.g. Pope’s Eye), others due to lack of food 
availability (e.g. Oro et al. 2004). Thus long-term studies at the colony level give an 
understanding these important processes. 
In short-term or cross-sectional studies consequences of stochastic events may be 
over-estimated or under-estimated. For example, without long-term monitoring the 
subsequent impact of severe storm events (e.g. Harris and Wanless 1996) may be 
unknown. Similarly some marine oil spill affected lesser black-backed gulls (Larus 
fuscus) and herring gulls (L. argentatus) were found to clean themselves and survive for 
up to 20 years after being oiled in chronic minor spills (Camphuysen 2011). The 
immediate impact of reduced food availability, through a disease-caused mass 
mortality of pilchards (Sardinops sagax neopilchardus) in Victoria resulted in widespread 
breeding failure for several seabird species including gannets, little penguins 
(Eudyptula minor) and little terns (Sterna albifrons sinensis); however, in subsequent 
years reproductive success increased to ‘normal’ levels (Taylor and Roe 2004; Bunce et 
al. 2005; Chiaradia et al. 2010). Furthermore, a three-year study investigating the diet 
of gannets at Pope’s Eye, including the year of reduced food availability, found that the 
regurgitate mass was significantly lower in the year of low food availability compared 
with other years (Bunce 2001b). However, there was annual variation in regurgitate 
mass and in the long-term there was no significant difference between years (this 
study). There was also a long-term shift in gannet diet, whereby pilchard (once the 
major prey species) made up an insignificant component of the gannet diet for a 
period of time.  
Often cyclical changes and trends occur at large temporal scales and cannot be 
detected through short-term or cross-sectional studies (e.g. climate change, Chambers 
et al. 2005). Furthermore, cycles that occur on smaller scales (years, rather than 
decades), and stochastic events may be detectable through short-term studies, but 
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their impact on seabird populations cannot be fully understood without considering 
multiple cyclical events (e.g. Wilson 1991; Boano 2010). One of the issues with 
seabirds being long-lived and having low reproductive rates is that continual low 
reproductive success may go unnoticed without long-term study, because long-lived 
adults continue to breed for many years and the population size appears stable. Once 
these adults begin to die the population may ‘crash’ and by this stage the trend 
becomes almost impossible to reverse and the population, or even species, heads 
towards extinction (Weimerskirch and Jouventin 1987; Crawford et al. 1995). 
Theoretically, long-term studies of populations can detect these negative trends before 
the decline becomes irreversible and potentially employ conservation measures. 
 
6.5 Overview  
This study has demonstrated the importance of accounting for individual variation 
when examining parameters of reproductive success. Gannets differ in quality, with 
high-quality birds laying earlier in the breeding season, being more likely to lay 
replacement clutches, and when breeding foraging in areas nearer the colony. Quality, 
therefore, manifests itself in various ways among seabirds. Individual variation 
underpins colony-level patterns and processes, such as the relationship between 
timing of breeding and reproductive success. 
 
6.6 Future study 
Long-term studies are difficult to conduct mainly due to lack of continuous funding 
(Clutton-Brock and Sheldon 2010), therefore an important aspect for future research 
is to examine long-term data sets that already exist. Powerful computing and 
statistical techniques developed over the last 10 – 15 years enable individual variation 
to be accounted for in analyses, and these techniques are also able to deal with 
complex climate data. Such studies will provide a better understanding of how 
populations respond to cyclic and stochastic events enabling more accurate prediction 
of future effects such as those associated with climate change.  
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The findings of this thesis could be further investigated by comparing laying 
chronology, foraging sites and behaviour at Pope’s Eye with that found at larger 
colonies, as well as colonies located in different locations such as in offshore areas or 
near the edge of the continental shelf. Studies further investigating replacement 
laying are warranted given that replacement laying in gannets plays such an important 
role in reproductive success. Such investigations should compare size and nutritional 
content of replacement eggs compared with first eggs and the timing of first clutch 
loss with propensity to lay replacement clutches. Moreover, investigation of the 
underlying traits which vary between individuals, how they affect fitness, and how 
individuals of varying quality respond to environmental changes is warranted. 
Examining how behaviour manifests itself in regard to individual quality and 
reproductive success is also important, particularly in species, such as gannets, where 
reproductive success is dependent upon bi-parental care and within-pair interactions 
such as time spent at nest and provisioning rates are likely to be important in 
achieving reproductive success and may drive many important ecological and 
evolutionary processes. Furthermore, understanding the genetic basis of individual 
traits and how they are expressed throughout an individual’s lifetime, and in varying 
environmental conditions, would lead to a greater understanding of individual quality 
and its role in the life history of seabirds. 
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Abstract Few studies document long-term colony-level
metrics from colony establishment to maturity (equilib-
rium) and few test predictions of general models of colony
development. We describe long-term trends in a colony of
Australasian Gannets (Morus serrator) which has been
monitored from an early stage in its development. The
colony at Pope’s Eye, within Port Phillip Bay, Victoria,
Australia was established in 1984 on an artificial structure
and the first nest count (25 nests) was conducted in the
same year. The colony was then studied for 15 of 19 years
between 1988 and 2006–2007. During the study, 2,516
eggs were recorded, resulting in 1,694 chicks hatching
(67 % of eggs), of which 1,310 (77 % of those hatched)
fledged. At least 184 (14 %) of fledged offspring returned
to Pope’s Eye as breeding adults. Since establishment, the
number and density of nests increased (number of nests
increased 8.8 % annually), with density increasing at
varying rates in different areas of the colony. Early
recruitment involved birds from a nearby colony, but
within 5 years post establishment the first natal recruits
were breeding at Pope’s Eye and thereafter natal recruit-
ment was the main source of new breeding adults (totalling
81.4 % of all recruits). Age of recruitment varied
throughout the study, though not systematically, and there
was no difference between the sexes. The pattern of rapid
initial growth is typical of patterns reported for other sea-
bird colonies. However, as the colony (and birds within it)
aged, there was no increase in breeding success and egg
laying did not become earlier, as was expected from gen-
eral models of colony development.
Keywords Seabird colony  Australasian Gannet 
Phenology  Breeding success  Recruitment  Demography
Zusammenfassung
Gru¨ndung und Entwicklung einer Seevogelkolonie:
Langzeittrends in Pha¨nologie, Bruterfolg, Rekrutie-
rung, Brutpaardichte und Demographie
Nur wenige Studien dokumentieren Langzeitmessungen
auf Kolonielevel von der Gru¨ndung einer Kolonie bis zur
Reife (Gleichgewicht) und wenige testen Vorhersagen
genereller Modelle der Kolonieentwicklung. Wir be-
schreiben Langzeittrends in einer Kolonie des Australto¨lpels
(Morus serrator), die von einem fru¨hen Entwicklungssta-
dium an beobachtet worden ist. Die Kolonie bei Pope’s
Eye, in der Port Phillip Bucht in Victoria, Australien,
wurde 1984 auf einer ku¨nstlichen Struktur gegru¨ndet, und
die erste Nestza¨hlung (25 Nester) wurde noch im selben
Jahr durchgefu¨hrt. Die Kolonie wurde dann in 15 der
19 Jahre zwischen 1988 und 2006–2007 untersucht. Im
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Verlauf der Studie wurden 2,516 Eier erfasst, aus denen
1,694 Ku¨ken schlu¨pften (67 % der Eier), von denen 1,310
ausflogen (77 % der geschlu¨pften Ku¨ken). Mindestens 184
(14 %) der ausgeflogenen Jungvo¨gel kehrten als bru¨tende
Altvo¨gel zu Pope’s Eye zuru¨ck. Seit der Koloniegru¨ndung
hat die Anzahl und Dichte der Nester zugenommen; die
Anzahl der Nester stieg ja¨hrlich um 8,8 %, wa¨hrend die
Dichte in verschiedenen Bereichen der Kolonie in unter-
schiedlichem Maße zunahm. Zu Beginn stammten alle
Rekruten aus einer benachbarten Kolonie, doch innerhalb
von fu¨nf Jahren nach der Gru¨ndung bru¨teten die ersten dort
geborenen Tiere in Pope’s Eye, und danach waren die
meisten neuen Brutvo¨gel (81,4 % aller Rekruten) Tiere, die
in der Kolonie geboren worden waren. Das Alter der
Rekruten schwankte im Verlauf der Studie, jedoch nicht
systematisch, und es gab keinen Unterschied zwischen den
Geschlechtern. Das Muster des schnellen anfa¨nglichen
Wachstums der Kolonie ist typisch fu¨r Muster, die fu¨r
andere Seevogelkolonien beschrieben wurden. Als die
Kolonie (und die dort bru¨tenden Vo¨gel) a¨lter wurde, gab es
jedoch keinen Anstieg im Bruterfolg, und die Eiablage
erfolgte nicht fru¨her im Jahr, wie anhand genereller
Modelle der Kolonieentwicklung zu erwarten war.
Introduction
Colonial breeding and the evolutionary mechanisms behind
it remain poorly understood (Danchin and Wagner 1997).
Among seabirds, coloniality confers many advantages, e.g.
increased breeding synchronicity and decreased depreda-
tion (Clode 1993; Wittenberger and Hunt 1985). Disad-
vantages to coloniality include intra-specific competition
for food, nest sites and mates (Danchin and Wagner 1997).
Nevertheless, coloniality and philopatry (individuals
returning to their natal colony to breed) among seabirds is
widespread with some colonies fledging more young than
they are subsequently able to recruit (Moss et al. 2002).
Such colonies often result in large numbers of club birds
(prospecting, non-breeding) which may then move to
another colony or initiate new ones (Norman et al. 1998).
Other types of dispersal may occur when existing colonies
suffer declines in breeding success (Danchin and Monnat
1992, Martı´nez-Abraı´n et al. 2003) or become unsuitable
due to density dependent factors such as limited nesting
space (Forbes et al. 2000).
The process of colony establishment and development
remains largely unknown (Oro and Ruxton 2001); how-
ever, previous observational studies suggest several general
principles of colony development. These are that a seabird
colonisation event may be preceded by several years of
roosting at a site (Anderson 1982; Dunlop and Goldberg
1999; Kharitonov and Siegel-Causey 1988); following this,
the growth of a new seabird colony typically has three
distinct phases (Dunlop 2005). The first phase occurs
during initial colony development and is characterised by
immigration with growth (increase in the number of
breeding pairs) being generally slow. The second phase is
characterised by rapid growth as the rate of natal recruit-
ment increases, and the final phase typically involves the
slowing or plateau of colony growth as density dependent
factors take effect. As a colony develops the breeders
become older and more experienced and the timing of
laying for colonies in the same geographic area (experi-
encing similar climatic conditions) occurs earlier in older
colonies (Coulson and White 1956). In addition, as indi-
viduals in the colony become older and increase their
breeding experience, breeding success improves (Coulson
and White 1958; Forslund and Pa¨rt 1995; Sæther 1990;
Wooller et al. 1990).
In long-lived species there is generally a considerable
degree of flexibility in the age at which individuals are
recruited into a population, with the longer the average
lifespan of a species the greater the average age of
recruitment (Becker and Bradley 2007; Wooller et al.
1992). Recruitment depends not only on the prospecting
individual, but also on the status of the colony which is
being prospected. That is, population size and density, and
whether the colony is expanding or stable, availability of
nesting space, age structure, sex ratio, breeding success and
the availability of a mate are all important (Becker and
Bradley 2007). Various aspects of recruitment are still
poorly understood including timing of the transition
between external recruits and natal recruits in a new colony
(Coulson and Coulson 2008) and variation in the age of
recruitment between sexes; some colonies recruit males at
a younger age (Mills 1989), others females (Gaston et al.
1994; Ludwigs and Becker 2002), and others recruit both
sexes equally (Harris et al. 1994; Serventy and Curry
1984). Additionally, measures of average age at first
breeding may be underestimated for many species because
those first breeding when older are often less liable to
detection (Perrins 1991).
Long-term studies of birds are few (Dunn and Weston
2008), although seabirds are well represented. Many long-
term seabird studies have been broad in focus, reporting on
overall changes in size, structure and distribution of colo-
nies and populations (Siorat and Rocamora 1995; Terauds
et al. 2006; Wilson et al. 2001). However, a small number
of long-term studies have marked individuals and followed
them through their breeding lives and these studies are
responsible for a disproportionate number of publications
(Clutton-Brock and Sheldon 2010). Notable examples
include Short-tailed Shearwaters (Ardenna tenuirostris;
Bradley et al. 1991), Black-legged Kittiwake (Rissa
300 J Ornithol (2013) 154:299–310
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tridactyla; Coulson and Thomas 1985), Common Terns
(Sterna hirundo; Becker et al. 2001; Szostek and Becker
2012), and Northern Fulmars (Fulmarus glacialis; Dunnet
et al. 1979). In addition, much of this work has been
conducted on well established colonies; detailed studies of
newly established colonies are few.
Here we report the results of a study of a developing
colony of Australasian Gannets (Morus serrator), a species
which is long-lived, has high annual adult survivorship, and
shows strong philopatry and high breeding site fidelity
(Nelson 2002). Australasian Gannets (hereafter ‘Gannets’)
are pelagic foragers, lay single egg clutches and represent a
useful model species to examine colony development. In
Australia Gannets breed along the southeastern coast with
colonies located around Tasmania and off the coast of
Victoria, where approximately 7,000 pairs breed at Law-
rence Rocks and Point Danger (Norman et al. 1998). There
are also a number of small colonies on artificial structures
within Port Phillip Bay. In recent years new colonies of
Gannets have been initiated and others in eastern Australia
have expanded (e.g. Bunce et al. 2002). Monitoring at a
few sites has been relatively intensive and has provided
long-term data which allow examination of patterns of
colony dynamics. We investigate colony-level patterns of
colony development for the Gannet colony at Pope’s Eye,
Port Phillip Bay (established in 1984; Garnett et al. 1986),
to examine whether general principles of colony develop-
ment apply. Specifically, we investigate whether: (a) the
colony conformed to the three-phase model of colony
development; (b) as the colony matured, timing of breeding
became earlier and breeding success increased; and (c) age
of recruitment varied throughout the study period and
between the sexes.
Methods
Study site
There are seven Australasian Gannet breeding colonies
(containing approximately 500 breeding pairs) in Port
Phillip Bay, Victoria (Bunce et al. 2002). We studied the
largest colony, Pope’s Eye (381604200S 1444104800E).
The Pope’s Eye colony was established in 1984 and cur-
rently c.180 pairs breed there annually (see Gibbs et al.
2000; Norman and Menkhorst 1995; Pyk et al. 2007). The
Gannets breed on an artificial structure consisting of a
rock annulus, hosting a concrete dual-level structure
(hereafter ‘tower’) to support navigational aids and a
wooden platform and walkway. In 1989, the wooden
platform was expanded to double its original area
(22.4 m2) and an adjacent walkway was constructed.
Since then the structure has remained relatively
unchanged and the Gannets attempt to nest on any flat
areas which can accommodate a nest, including the plat-
form, walkway, tower and adjacent rocks.
Data collection
Gannets breed annually between July (start of nest build-
ing) and early April (last chicks fledge). Annual breeding
data at Pope’s Eye have been collected during 15 of 19
breeding seasons between 1988/1989 and 2006/2007
(Table 1). Lack of human or financial resources resulted in
no data being collected for 4 of 19 years. Results here are
discussed relative to season since establishment in years
(Years Since Establishment, e.g. 1988/1989 = 4 YSE,
2006/2007 = 22 YSE). Banding of chicks began 2 YSE,
and attempts to band all chicks present were made during
every breeding season even if the colony was not studied
(apart from 3 and 11 YSE). This, in conjunction with long-
term banding of chicks (since 1966) at nearby Wedge Light
(381603200S. 1444200500E.; 0.8 km from Pope’s Eye) has
resulted in a large proportion of the breeding population at
Pope’s Eye being of known age. During each breeding
season, all accessible nests were monitored with nest
contents being checked at least once. Nest locations were
mapped and the identity of the birds attending them
determined. Eggs were numbered and monitored and
chicks C30 days old were banded. Laying dates were
estimated by considering the interval between visits and the
extent of egg staining (after Ewing et al. 2005). The
hatching date was defined as the date when chicks were
completely free from the egg and were directly observed,
or estimated using size, weight or feather tract develop-
ment (after Pyk et al. 2007; Wingham 1984). Chicks were
considered ‘fledged’ if they were greater than 95 days old
when last seen at the colony. Breeding success was defined
as the number of chicks fledged from nests with eggs.
Adults were considered to have been ‘recruited’ into the
breeding population if they formed a partnership and built a
nest.
Nest density for each substrate type (platform, walkway,
tower and rocks) was calculated as the number of nests
m-2, and the distance between nests was measured from
the centre of each nest to the centre of all immediately
adjacent nests. Nest density was not comparable between
substrates due to the characteristics of the substrates (i.e.
differing edge-area ratios, dual-level of the tower, limita-
tion of suitable nesting substrate on the rocks). Not all data
were available for every breeding season. Timing of
breeding data were only available for 11 years (4–7 YSE,
10 YSE, and 17–22 YSE) and were calculated by recording
the laying date of the first egg in each nest relative to the
first of July. The timing of laying for the colony (first
clutches only) was defined as the period between the date
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of the first and last egg laid (i.e. excluding replacement
laying). When analysing the recruitment data we consid-
ered the proportion of natal (hatched at Pope’s Eye) birds
from each cohort subsequently recruited into the breeding
population in later years. We used 12 years of data (2 YSE,
4–10 YSE and 12–15 YSE), and excluded 17–22 YSE to
avoid any bias due to the age of recruitment. That is, data
from the more recent breeding seasons (from which off-
spring were subsequently recruited back into the breeding
population) were excluded from analysis because sufficient
time was not deemed (based on results of age of recruit-
ment) to have passed for a true representation of individ-
uals from those cohorts to have been recruited. Minimum
juvenile survival was estimated as the minimum apparent
survival to recruitment (which is influenced by recruitment
opportunity).
Individuals were sexed by a combination of genetic
techniques, observed matings and inference. A total of 123
birds were sexed using genetic analysis (after Griffiths
et al. 1998), 12 individuals were sexed by observed mat-
ings and a further 132 birds had their sex inferred based on
the sex of their current or previous mates.
Statistical analysis
Statistical analyses follow those outlined by Quinn and
Keough (2002) andusing the statistical packageSPSSVersion
16.0 (2008) and R v.2.11.1 (R Development Core Team
2010). Where data were not normally distributed they were
log transformed for analysis or were analysed using non-
parametric tests. Summary statistics present the mean ± one
standard deviation throughout. Comparison of annual breed-
ing success for the duration of the study was made using
generalized linear modelling (GLM) assuming a binomial
family distribution with breeding success versus breeding
failure as the response variable and year of mean breeding
success (15 YSE) as the reference category. The relationship
between breeding success and age was analysed using GLM
assuming a binomial family distribution with breeding suc-
cess as the response variable and age as the predictor variable.
Colonygrowthdata (changes innest numbers)werefittedwith
linear regressions using GLM assuming a Gaussian family
distribution. Nest density data and breeding success data were
fitted with non-linear regressions using generalised additive
modelling (GAM) assuming Gaussian family distribution
using the R package mgcv 1.6.2.
Results
During this study, 426 individually banded Gannets were
recorded breeding at Pope’s Eye. These (and other non-
banded) birds laid an observed total of 2,516 eggs,
resulting in 1,694 chicks hatched (67 % of eggs); of those
1,546 (91 % of those hatched) survived to banding age
(30 days) and 1,310 (77 % of those hatched) fledged. At
least 184 (14 %) of fledged offspring have returned to
Pope’s Eye as breeding adults.
Colony establishment
Gannets were seen roosting at Pope’s Eye in the late 1970s
and early 1980s (Norman and Menkhorst 1995). In 1984, 25
nests were recorded (Garnett et al. 1986) and the number
of nests increased rapidly reaching a maximum of 191 nests
in 2003 (19 YSE; Fig. 1; estimate of slope = 46.79,
SE = 3.73, t value = 12.542, P\ 0.05). Between 1 YSE
and 22YSE the average annual increase in nest numbers was
8.8 % (10.2 ± 20.4 nests added per breeding season,
range = -17 to 65, n = 15). When broken down into the
two components of before and after the addition of further
nesting space, percentage increase before addition was
72.2 % (n = 1) and after 4.2 % (6.3 ± 14.4, range = -17
to 41, n = 14). Nesting in the earlier breeding seasons
occurred predominantly on the wooden platform and tower
(Fig. 2). With the expansion of the platform and addition of
the walkway at 5 YSE, the available nesting space on the
platform doubled. Immediately afterward the density of
nests on the tower decreased, whilst that of the platform
continued to remain high. The walkway experienced rapid
colonisation and as density on this substrate plateaued, nests
on the tower experienced a rapid increase in density. The
rocks were colonised more slowly, with density increasing
Fig. 1 Growth (number of nests) of Australasian Gannet (Morus
serrator) breeding colony between 1984 (Years since establishment;
YSE = 0) and 2006 (YSE = 22) at Pope’s Eye, Victoria, Australia.
Curve fitted using a generalised linear model with Gaussian family
distribution and log(YSE)
J Ornithol (2013) 154:299–310 303
123
moderately only after the other substrates neared capacity.
By the end of the study (22 YSE) all four substrates had
plateaued, with nest density on the platform being 1.83 nests
m-2 with a mean distance between nests of 77.3 ± 15.6 cm
(43–143, n = 237).
Breeding success and phenology
Breeding success at Pope’s Eye has been consistently high
with no increase in success as the colony developed and aged
(63.3 ± 7.7 %, 55–75 %, n = 15; Fig. 3). Only the years of
highest (6 YSE; 76.3 %) and lowest breeding success (14
YSE; 48.7 %) were significantly different from the reference
category (15 YSE; 65.2 %; Table 2). There was no relation-
ship between breeding success and age (estimate = 0.01246,
SE = 0.01388, z value = 0.898, P = 0.369).
The timing of laying differed between years (Kruskal
Wallace,H = 316.29, df = 10, P\ 0.05), earliest being 19
YSE (mean = 11 September ± 29 days, 2 August–14
December, n = 175) and latest in 22 YSE (mean = 8
October ± 20 days, 19 August–1 December, n = 158;
Fig. 4); however, there was only a weak trend overall
(r = 0.036, P\ 0.05) with laying progressively becoming
later from 18 YSE. Additionally, there was a weak negative
correlation between timing of breeding and age (r = -0.16,
n = 993, P\ 0.05). The duration of laying was shortest in
7 YSE (99 days, 28 August–5 December, n = 100) and
longest in 21 YSE (161 days, 28 July–5 December,
n = 154). The average laying date for all years was 28
September ± 28 days (28 July–5 January, n = 1490).
Recruitment and demography
Between 4 YSE and 22 YSE a total of 215 breeding adults
of known age were sighted at Pope’s Eye. Of these res-
ightings, 175 (81.4 %) individuals were natal recruits
(fledged from Pope’s Eye), with the remainder being
mainly from Wedge Light (34 individuals; 15.8 %) or
Fig. 2 Density (nests m-2) of Australasian Gannet nests on the
available substrates at Pope’s Eye, Victoria, Australia between 1988
and 2006 (4 YSE and 22 YSE). Substrates are triangle symbol
platform, plus symbol walkway, open circle tower, filled circle rocks
(see text for details of curves fitted)
Fig. 3 Annual breeding success of the Australasian Gannet colony at
Pope’s Eye, Victoria, Australia between 1988 and 2006 where 0 YSE
(years since establishment) = 1984
Table 2 Results of generalized linear model (GLM) comparing
annual (YSE, years since establishment) of Australasian Gannet
colony breeding success to the reference category (mean breeding
success in 15 YSE), depicting estimated regression coefficient, stan-
dard error (SE), the test statistic (z value), and P value
YSE Estimate SE z value P
(Intercept) 0.58192 0.16537 3.519 0.000433
4 -0.26684 0.30234 -0.883 0.377467
5 0.02421 0.28083 0.086 0.931287
6 0.58972 0.29477 2.001 0.045433
7 0.41133 0.27023 1.522 0.127978
10 0.44189 0.25315 1.746 0.080883
12 0.08014 0.24142 0.332 0.739938
13 0.41133 0.24821 1.657 0.097479
14 -0.63527 0.23245 -2.733 0.006278
17 -0.12058 0.2355 -0.512 0.608646
18 -0.04154 0.23178 -0.179 0.857775
19 -0.10303 0.22468 -0.459 0.646557
20 -0.43641 0.22319 -1.955 0.050539
21 -0.2565 0.23204 -1.105 0.268987
22 -0.27575 0.23079 -1.195 0.232146
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Lawrence Rocks (six individuals; 2.8 %), c.350 km west
of Pope’s Eye (Fig. 5). During the first year of study at
Pope’s Eye (4 YSE) one adult, banded as a chick at
Wedge Light, was recorded breeding. In the following
year three additional adults banded as chicks at Wedge
Light and two natal birds were recorded breeding at
Pope’s Eye. On average, 16.5 ± 12.4 (0 – 39, n = 215)
previously banded birds were recruited each breeding
season, and the rate of recruitment did not vary system-
atically throughout the study (r = 0.34, n = 13,
P = 0.26). The proportion of birds recruited each year
from both Pope’s Eye and Wedge Light was similar
(r = 0.58, n = 13, P\ 0.05); whilst birds from Lawrence
Rocks were only recruited in 10 YSE.
Individuals were recruited into the breeding population
from every cohort of chicks banded at Pope’s Eye (Fig. 6).
A very high proportion of individuals were recruited from
early cohorts (71 %, cohort 2 YSE; 61 %, cohort 4 YSE)
indicating an extremely high minimum survival to
recruitment in the early years of the colony’s history. As
the colony grew larger an increasing number of chicks
were produced; the proportion of chicks subsequently
recruited into the breeding population decreased and
remained around 13–30 % (r = -0.86, n = 12, P\ 0.05).
The average age at recruitment was 7.3 ± 2.8 years (3–19,
n = 215) varying throughout the study period (H = 43.96,
df = 11, P\ 0.05); however, no consistent trend was
detected (r = 0.01, P = 0.21). There was no difference in
recruitment age between birds of known sex (t = -0.03,
df = 118, P = 0.98). The year of fledging and the age of
recruitment were not correlated (r = -0.13, n = 176,
P = 0.08). The average age of breeding birds at the colony,
though, showed a significant increase (ANOVA:
F10, 675 = 18.13, P\ 0.05). In 1994/1995 the age of
breeders was 6.8 ± 3.1 years (4–17, n = 41) but by 2006/
2007 the mean age had risen to 13.5 ± 4.4 years (4–28,
n = 79; Fig. 7).
Discussion
Most seabirds are highly philopatric and display strong
breeding site tenacity, thus establishment of new breeding
colonies usually occurs when existing colonies suffer sharp
declines in breeding success, habitat loss (Cadiou et al.
Fig. 4 Laying dates of Australasian Gannets breeding at Pope’s Eye,
Victoria, Australia between 1988 and 2006 (4 YSE and 22 YSE). Box
plots indicate quartiles, and outliers are indicated by open circles
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Fig. 5 Annual recruitment into the breeding population of Australasian Gannets at Pope’s Eye, Victoria, Australia, 1989–2006 (5 YSE to 22
YSE). Birds recruited from Pope’s Eye (solid sections), Wedge Light (striped sections) and Lawrence Rocks (open section)
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2010; Danchin and Monnat 1992; Martı´nez-Abraı´n et al.
2003) or become unsuitable due to density dependent
factors such as limited nesting space (e.g. Norman et al.
1998). Once breeding has begun, colony growth is often
rapid until a resource limit is met (Dunlop 2005; Larsson
et al. 1988; this study). Our study found that the Pope’s Eye
colony experienced the second and third phases of colony
development with an annual average growth rate of 8.8 %
in the study period, which was higher than the growth rate
for the general Australasian Gannet population in Australia
(6 %; Bunce et al. 2002). Such rapid colony growth is to be
expected given that small gannet colonies grow at faster
rates than large ones (Moss et al. 2002). Pope’s Eye is
considered a small colony as Australasian Gannet colonies
generally range between\100 and 7,000 pairs. The limit to
expansion was nesting space and colony growth slowed 7
YSE with only incremental increases being recorded in the
following years. The pattern of expansion on the various
substrates in the colony supports the sequential habitat
occupancy theory (Brown 1969; Newton 1998), where
preferred habitats are settled sooner and, if the population
level falls, birds abandon the least preferred habitat in
favour of the most preferred. In the case of Pope’s Eye,
when additional nesting space became available (by plat-
form expansion and walkway addition) nest density on the
tower dropped, while that on the platform and walkway
increased rapidly.
Annual variation in timing of breeding occurs in most
marine systems. A recently published 35 year study of two
multi-species seabird colonies showed some species laying
earlier, others laying later, and others still showing
increased variability in their timing of breeding between
seasons (Wanless et al. 2009). Phenology and reproductive
success in many seabirds are moderated by environmental
conditions, such as local climatic conditions (e.g. SST;
Cullen et al. 2009), food availability (Da¨nhardt and Becker
2011), diet quality (Annett and Pierotti 1999), or conditions
during the non-breeding season (Sorensen et al. 2009). The
timing of breeding of Gannets at Pope’s Eye varied
between years with only a weak trend towards later rather
than earlier laying. Similarly, a study of Northern Gannets
over the same time period (1980–2007) also found that
breeding became progressively delayed, and that this delay
was not related to changes in local or larger scale climate
(Wanless et al. 2008). Although, in our study, when con-
sidering only the known age birds, timing of breeding
became slightly earlier with increasing age. Similar results
were found in a study of developing colonies of Black-
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Fig. 6 Number of chicks banded during each breeding season and proportion of these subsequently recruited (solid sections) into the breeding
population of Australasian Gannets at Pope’s Eye, Victoria, Australia, 1986–2001 (2 YSE and 17 YSE)
Fig. 7 The average age of breeding birds during each breeding
season at Pope’s Eye, Victoria, Australia between 1994 and 2006
(10 YSE and 22 YSE). Box plots indicate quartiles, and outliers are
indicated by open circles
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legged Kittiwakes (Coulson and White 1956). Such
apparently conflicting results indicate that variations in
timing of breeding in any one colony may be related to a
wide range of factors. Perhaps, for the Gannets of Pope’s
Eye increasing experience with age means that the birds are
better able to time their breeding to coincide with local
prey availability.
Since seabirds time their breeding so that chick rearing
occurs when food is most abundant (Lack 1968), it is
expected that changes in food availability during the
breeding season may affect success. In a particularly poor
year of breeding success (14 YSE) there was a mid-
breeding season die off of pilchards (Sardinops sagax), the
Gannets’ main prey species (Bunce and Norman 2000).
Otherwise breeding success was consistently high and
similar to that at other Australasian Gannet (Wingham
1984) and Northern Gannet colonies (Nelson 2002).
However, in other pelagic species which also lay single-
egg clutches, breeding success varied with some species
experiencing similar levels of success to Gannets (e.g.
Wandering Albatross; Diomedea exulans; 55–75 %;
Croxall et al. 1990) and others experiencing high annual
variability in breeding success such as Northern Fulmars
(16–52 %; Dunnet et al. 1979) and Snow Petrels (Pago-
droma nivea; 21–80 %; Chastel et al. 1993). We also found
no pattern of increased breeding success as the colony
developed or with increasing age of the birds. This goes
against the general pattern expected for birds where
breeding success improves with age (Forslund and Pa¨rt
1995). For Pope’s Eye the consistent high breeding success
may be a result of Gannets’ flexible foraging strategies
allowing them to target a variety of prey and/or a reflection
of the abundance and quality of prey within range of the
Pope’s Eye colony. Natal recruitment is an important
contributor to the growth of a seabird colony; however,
rapid population growth can only be sustained by immi-
gration (Nelson 2002; Oro and Ruxton 2001; Phillips et al.
1999). The rapid increase in colony size at Pope’s Eye to
over 100 breeding pairs within five years of colony
establishment indicates that early immigration played a
major role, particularly given that the first natal fledglings
were not recruited until 5 YSE. As found in other colonial
seabird studies (He´naux et al. 2007; Oro and Pradel 1999)
most of the immigrants to Pope’s Eye came from the
nearest colony (Wedge Light), with a small number of
recruits from Lawrence Rocks (c.350 km west of Pope’s
Eye) and no recruits from colonies in Tasmania or New
Zealand. However, in the years following, natal birds
quickly became the main recruits to the Pope’s Eye colony
(81.4 % of total recruits) and immigration subsequently
played only a modest role. In comparison, a 16 year study
of a Black-legged Kittiwake colony that began with two
breeding pairs and grew to 138 pairs found that only 4.2 %
of total recruits were philopatric (Coulson and Coulson
2008). The lack of immigrant recruits to Pope’s Eye may
be partially due to the small size of the nearest colony
(c. 50 nests) and hence the relatively few potential recruits
it produces (Norman and Menkhorst 1995). In addition, the
minimum apparent survival to recruitment (which is
influenced by recruitment opportunity) of chicks fledged in
the first few years of the colony’s history was extremely
high (61–71 %) and may have limited colony access to
immigrants. This is much higher than survival rates found
for other Australasian Gannet colonies (only 30 %; Nelson
2002), for Northern Gannet colonies (30–40 %; Nelson
2002) and seabird species generally (20–40 %; Schreiber
and Burger 2002). Although we cannot be sure that such
high juvenile survival is not the norm for Pope’s Eye
Gannets as lack of nest space later in the colony’s devel-
opment limited recruitment.
Delayed breeding is a widespread characteristic among
long-lived seabird species, allowing for accumulation of
skills required for survival and breeding (Lack 1968).
Becker and Bradley (2007) suggested that for each indi-
vidual there is an optimum age of recruitment based on that
individual’s experience and quality. Our study supports this
theory as we found variation in age of recruitment, but no
tendency for younger birds to be recruited earlier in the
colony’s development when, presumably, recruitment
would have been easier given more nesting space was
available. We also found a higher mean age of recruitment
than has been previously recorded for Australasian Gannets
(age 5 years, Wodzicki 1967). Given that Gannets reach
maturity at age 3 years and are physiologically able to breed
from this age (Nelson 2002), such a delay, and such high
variation in individual recruitment ages (range 3–19 years;
this study) supports the theory that there is an optimum age
of recruitment for each individual. Additionally, we found
no relationship between year fledged and age of recruit-
ment. Thus, it appears that environmental conditions during
chick rearing were not a factor affecting future recruitment.
Parental quality in the form of care during the nestling
period and any hereditary fitness characteristics (Cam et al.
2003; Feare 2002), as well as conditions during the post-
fledging period, may all influence future recruitment.
Like any longitudinal study, this study could not infer
causation for those parameters for which we report trends
through time; indeed many variables were correlated.
Additionally, it is impossible to differentiate between
temporal changes driven by colony-level development
versus long-term processes which covaried with the col-
ony’s development (e.g. climate change, Chambers et al.
2005). The few studies of developing colonies available for
comparison show marked variation in colony dynamics
with some colonies increasing rapidly and flourishing
(Dunlop 2005; Dunnet et al. 1979; Harris and Wanless
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1991; Oro and Ruxton 2001), while others founder
(Anderson 1982; Storey and Lien 1985) and are abandoned
(Brothers 1981). It is difficult to ascertain why some col-
onies flourish while others do not and undoubtedly there is
complex interplay involving a suite of factors. Small col-
onies are most susceptible to environmental fluctuations
(Peron et al. 2010), and thus developing colonies may be
vulnerable to abandonment in their early years. Limited
theoretical work regarding colony development exists
(Kharitonov and Siegel-Causey 1988), with Dunlop (2005)
being the first to describe a model for colony development.
We found the Pope’s Eye colony conformed to the second
and third phases of the three-phase model (with uncertainty
around the first phase due to lack of available data).
Additionally, breeding success at Pope’s Eye remained
high with no relationship between age and breeding suc-
cess. Pope’s Eye exhibited consistently high natal recruit-
ment and high juvenile survival in the early years of colony
development. However, we cannot be confident that this is
the norm for Pope’s Eye and survival of both juveniles and
adults from this colony warrants further investigation, as do
the processes that mediate recruitment in developing col-
onies. Additionally, further research is needed to determine
whether the three-phase model is broadly applicable to
developing colonies. Finally, in order to elucidate the
reasons for the lack of relationship between age and
breeding success, an investigation into the reproductive
ecology of the species at the individual level is required.
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